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Abstract 
The need for improved hydrodesulfurization (HDS) and hydrodenitrogenation 
(HDN) catalysts is being driven by increasingly demanding requirements for ultralow 
sulfur fuels and by the fact that sulfur levels in crude oil have been trending upward over 
recent decades. Current industrial catalysts are based on molybdenum sulfide (MoS2) and 
its highly anisotropic structure severely limits the number of exposed active sites. 
Transition metal phosphides (e.g. Ni2P/SiO2) are a new class of materials with promise to 
have improved properties relative to sulfided Ni-Mo/Al2O3 catalysts. The addition of a 
second metal can have large effects on the electronic and surface properties of a catalyst, 
which in turn can heavily influence its catalytic properties. Nickel-cobalt and nickel-iron 
phosphide catalysts (Ni2-xMxP, 0 ≤ x ≤ 2) are being investigated to determine the effect of 
cobalt and iron on the HDS properties of bimetallic phosphides of nickel. Catalysts 
prepared via conventional preparation methods using metal phosphate precursors 
supported on silica, and reduced by temperature programed reduction (TPR) are 
compared with solution-prepared metal phosphide nanoparticles that were subsequently 
encapsulated in a mesoporous silica shell to form core@shell nanostructures.  Infrared 
spectra of adsorbed CO on the Ni2-xMxP catalyst surfaces show two significant peaks, one 
is attributed to CO bound to surface nickel atoms, while the second, smaller peak is 
attributed to CO bound to surface phosphorous atoms. As the second metal is added into 
the crystal lattice there is a shift to lower wavenumbers of the absorbance due to CO 
v 
bonded to surface nickel atoms. This may indicate electron donation from cobalt to nickel, 
making for more electron-rich binding sites. The catalysts were tested for HDS activity and 
selectivity using dibenzothiophene and 4,6-dimethyldibenzothiophene. The trends in 
catalyst activities and turnover frequencies with Co and Fe content will be described and 
discussed in the context of the characterization results. 
vi 
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Chapter 1: Introduction 
1.1 Hydrotreating 
Hydrogenation reactions are of critical importance to the industrial catalytic 
upgrading of crude oil and are responsible for the removal of contaminants including 
sulfur, nitrogen, oxygen and heavy metals.1 These contaminants are found in all sources 
of crude oil, shown in Table 1-1, but are more prevalent in crude oil derived from shale 
and tar sands oil deposits.1  
Table 1-1. Common impurities in crude oil from various sources.1 
Impurity 
Oil Source 
Arabian 
Light 
Arabian 
Heavy Attaka Boscan 
Shale
Oil 
Tar 
Sands 
Sulfur (wt%) 1.8 2.9 0.07 5.2 0.7 5.0 
Nitrogen (wt%) 0.1 0.2 <0.1 0.7 1.6 0.5 
Oxygen (wt%) <0.1 <0.1 <0.1 <0.1 1.5 0.5 
Vanadium (ppm) 18 50 <1 1200 - 150 
Nickel (ppm) 4 16 <1 150 - 75 
The processes for removing sulfur and nitrogen contaminates from crude oil 
fractions are called hydrodesulfurization (HDS) and hydrodenitrogenation (HDN), 
respectively, and are the preeminent hydrotreating reactions; Equation 1-1 shows the 
HDS reaction of thiophene as an example.2  
C4H8S + 2H2  C4H10 + H2S Equation 1-1
2 
The industrial importance of HDS is due to the ability of sulfur impurities to 
irreversibly poison reforming catalysts, e.g. platinum and palladium, that are used in 
refineries and in emission control devices in vehicle exhaust systems.1-3 Additionally, 
oxidized sulfur emissions, or SOx, contribute to environmental and health problems when 
transformed into sulfur oxoacids in the atmosphere and subsequently precipitated in 
rain.4 
There are several types of sulfur compounds typically found in crude oil and 
different fractions contain a diverse range of sulfur compounds. These include 
mercaptans and sulfides in the oil fractions with low boiling points to thiophenes, 
dibenzothiophenes and alkylated dibenzothiophenes in the higher boiling point fractions. 
Table 1-2 shows examples of some of the compounds found in the lighter crude oil 
fractions that are most often used in the production of gasoline and diesel fuels.1,2  
S
S
Benzothiophene 
Dibenzothiophene 
4,6-Dimethyldibenzothiophene 
S
Table 1-2. Commonly encountered sulfur compounds found in light oil fractions. 
3 
1.2 Sulfur and Fuels 
The 1990 amendments to the Clean Air Act (CAA) have greatly reduced the 
amount of pollutants such as carbon monoxide (CO), volatile organic compounds 
(hydrocarbons) and nitrogen oxides (NOx) that can be emitted by vehicles.5 Each of these 
compounds play a key role in the production of ground level smog and ozone pollution 
which are hazardous to human health.6 These pollutants are removed from a vehicle’s 
exhaust stream by catalytically converting them to less harmful compounds by emission 
control devices, i.e. catalytic converters, that are fitted into the exhaust systems of cars 
and trucks according to the reactions in Equations 1-2 – 1-5.7,8 
2CO + O2  2CO2 Equation 1-2 
CxHy + (3x)O2  (x)CO2 + (2x)H2O Equation 1-3 
2NO2  N2 + 2O2 Equation 1-4 
2CO + 2NO  N2 + 2CO2 Equation 1-5 
In addition to lowering the allowable level of pollutants, the CAA also mandated 
that new cars and trucks be able to maintain the lower emission standards for a longer 
period of time.5 One of the primary methods that the CAA determined to reach these two 
goals was to effect a lower limit on the sulfur content in fuels; historical sulfur limits are 
shown in Figure 1-1 for the U.S., Japan and the E.U.; which are currently set at 15 ppm for 
diesel and 30 ppm for gasoline with further reductions set to take effect by 2017.5,9  
4 
 By limiting the amount of sulfur in transportation fuels the CAA could affect both 
a lowering of overall emissions and increase the length of time over which the lower 
emissions are achieved. These benefits are realized upon the reduction of sulfur content 
due to the ability of sulfur compounds to irreversibly poison commonly used catalysts 
such as the precious metals platinum (Pt) and palladium (Pd) that are present in catalytic 
converters.3,10 Sulfur poisoning, illustrated in Figure 1-2, prevents the adsorption of the 
reactant molecules to the catalyst surface, inhibiting the desired reactions from occurring 
at the poisoned catalyst site.  
SOxOxS SOx 
Catalyst Support
Figure 1-2. Illustration of sulfur-poisoning on a catalyst surface. 
Figure 1-1. Historical sulfur limits for diesel fuels in the U.S., Japan and the EU 
(reproduced from reference 9).9 
SOx OxS SOx 
SOx 
OxS SOx 
5 
Additionally, over the typical lifetime of a vehicle the degree of poisoning of the 
catalyst continues to increase due to the high temperatures needed to break the metal-
sulfur bonds, this causes a decrease of the catalytic converters efficiency over time.3,7,8,10 
Over the same period that the CAA has lowered the allowable amount of sulfur in 
fuels, there has been a steady increase in the extent of sulfur contamination found in 
crude oil feedstocks supplied to U.S. refineries, shown in Figure 1-3.11  
Today’s crude oil feedstocks have approximately 50% more sulfur than those 
refined in 1990; this increase in the quantity of sulfur can be attributed to the decline in 
quality of the oil fields that the U.S. sources its oil from, such as the Canadian tar sands 
and Venezuela’s Boscan oil field.1 Tar sands crude, with it’s very high sulfur content of ~5 
wt%, has had a particularly large impact on the average sulfur content as Canada has 
Figure 1-3. Sulfur content, by weight, in crude oil arriving at U.S. refineries 
from 1985-2015.11 
1983 1987 1991 1995 1999 2003 2007 2011 2015
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6
Su
lfu
r C
on
te
nt
 o
f C
ru
de
 O
il
 In
pu
t t
o 
U
.S
. R
ef
in
er
ie
s (
w
t%
)
Year
6 
become the largest U.S. supplier of crude oil accounting for approximately 43% of U.S. 
crude oil imports.11   
1.3 Currently Utilized HDS Catalysts 
Increasing air quality regulation and the decreasing quality of crude oil imports, 
has continued to drive the research and development of new and improved HDS 
catalysts.1,2 Industrial HDS catalysts currently in use at oil refineries are typically based on 
molybdenum sulfide supported on a metal oxide such as γ-alumina, i.e. MoS2/γ-Al2O3, as 
shown in Figure 1-4.1
The MoS2/Al2O3 catalysts have an anisotropic structure, composed of a layer of 
Mo atoms sandwiched between two layers of S atoms. This structural arrangement limits 
the number of active sites in the catalyst to the Mo atoms exposed on the crystallite 
edges; several approaches are utilized to both increase the number of active sites and to 
increase the activity of those sites.1,2,12,13 MoS2 crystallites strongly interact with γ-Al2O3 
material and form short and wide crystallites with a high degree of dispersion. To increase 
Ni or Co promoter 
Figure 1-4. Depiction of a Co(Ni) promoted MoS2/Al2O3 catalyst. 
MoS2 
Al2O3 
7 
catalyst active site density, support additives such as phosphorous are commonly used to 
lessen MoS2-support interactions.14 By reducing the interactions between the support 
and MoS2 particles, stacking of the MoS2 slabs can be induced; this stacking exposes 
further Mo edge sites without decreasing the catalyst surface-to-volume ratio.1,2 Metals 
such as cobalt and nickel are also often added to MoS2-based catalysts to improve the 
overall activity towards HDS or HDN. These secondary metals, or promoter metals, 
preferentially replace Mo atoms at exposed edge sites forming a localized Co(Ni)-Mo-S 
phase, where Co atoms have a tetrahedral geometry and Ni atoms a square pyramidal 
geometry with S atoms at the corners.2,13  
Numerous studies have investigated sulfided Co(Ni)-Mo catalysts with respect to 
their HDS properties under a wide variety of reactor conditions and with a diverse set of 
model compounds.1,15-19 From these it has been shown that the HDS of alkyl-substituted 
dibenzothiophenes is the most challenging S removal reaction as indicated in the GC 
chromatograms (Figure 1-5) of an oil before and after HDS catalysis.1,18,20  
Figure 1-5. GC chromatograms of a crude oil feedstock before (left) and after (right) 
HDS with a sulfided Co-Mo catalyst, reproduced from reference 18.18 
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Mechanistic studies of the HDS reaction network over Co-MoS2/Al2O3 and Ni-
MoS2/Al2O3 catalysts have led to two reaction pathways being proposed, which are 
shown for the HDS of DBT in Figure 1-6.19  
The direct desulfurization pathway (DDS) results in the removal of the sulfur atom 
from the organosulfur molecule via hydrogenolysis of the two C-S bonds without any 
accompanying hydrogenation of the aromatic rings. Alternatively, the hydrogenation 
(HYD) pathway involves the hydrogenation of one or more of the aromatic rings followed 
by the removal of the sulfur atom, leading to the formation of cyclohexylbenzene (CHB) 
and bicyclohexane (BCH).1,2  
1.4 Transition Metal Phosphides 
In order to meet the more restrictive regulations on sulfur levels in fuels put 
forward by the EPA, while also coping with the increased sulfur contamination of crude 
oil feedstocks, more active HDS catalysts are needed. Significant recent research has 
focused on both increasing the activity of sulfided molybdenum catalysts and developing 
S
DBT
BP
S S
CHB BCH
TH-DBT
S
6H-DBT 10H-DBT
CHEB
Figure 1-6. The DDS and HYD reaction pathways for the HDS of DBT.19 
DDS 
HYD 
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new catalysts based on novel motifs such as noble metals and transition metal 
phosphides.21,22 Several transition metal phosphides have shown to be quite active in 
both HDS and HDN reactions offering the possibility of becoming “drop-in” replacements 
for sulfided Co(Ni)-Mo/Al2O3 catalysts. Of the transition metal phosphides, nickel 
phosphide (Ni2P), has received the most consideration due to its comparatively high HDS 
and HDN activities.22,23,24 In contrast to sulfided Co(Ni)-Mo catalysts, Ni2P-based catalysts 
do not necessitate a sulfiding agent to either activate or maintain the catalyst active 
phase, and in fact have been shown to be quite sulfur tolerant.25,26 This sulfur tolerance 
may permit the combined utilization of Co(Ni)-MoS2 and Ni2P catalysts in the same 
hydrotreating reactor leading to a lower achievable sulfur content. 
The crystal structure of Ni2P is Fe2P-type and has a hexagonal unit cell; it is 
constructed by the alternation of two discrete layers, Ni3P and Ni3P2, to yield the bulk 
stoichiometry of Ni2P, as shown in Figure 1-7.27,28  
Experimental and theoretical studies have shown that the Ni3P2 termination is the 
thermodynamically more stable of the two terminations, resulting in the surface of Ni2P 
Figure 1-7. Unit cell of Ni2P along the {001} direction showing the alternating layers and 
the two Ni site geometries, square pyrimidal (blue) and tetrahedral (grey). 
Ni3P2 layer 
Ni3P layer 
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particles being predominately terminated by the Ni3P2 layer.29,30 Phosphorous adatoms 
on the Ni3P2 surfaces migrate to, and bond with, available dangling bonds of surface Ni 
atoms and are thought to be partially responsible for the sulfur tolerance of Ni2P 
catalysts.29 Additionally, phosphorous atoms act to separate neighboring Ni atoms from 
one another, this ensemble effect also contributes to the sulfur tolerance of Ni2P as the 
phosphorus atoms stabilize and create distance between surface Ni atoms preventing 
sulfur atoms from forming a layer and deactivating the surface active sites.22,31 
It is well known that the introduction of a second metal can induce significant 
changes in a catalyst’s properties. Several studies of ternary metal phosphides have 
illustrated this effect for metal phosphides of the type Ni2-xMxP where the second metal 
is also from the first row of the transition metals; typically, cobalt or iron has been used.29-
34 In the case of iron, the Oyama group reported that for a series of Ni2-xFexP catalysts, 
there are two effects of a Fe addition. First, at low Fe loadings there is an increase in HDS 
activity associated with ligand effects, the second is that the addition of low quantities of 
Fe causes preferential Ni occupation of surface tetrahedral sites which have been shown 
to favor the DDS reaction pathway.32-34 Similar studies have shown that for a series of 
silica-supported Ni2-xCoxP catalysts, that Ni-rich catalysts also have the greatest HDS 
activities. However, contrary to the Fe containing catalysts, there have only been minor 
changes in product selectivity observed for the HDS of a range of organosulfur 
compounds.35-37
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1.5 Encapsulated Nanoparticles as Model Catalysts 
The effect of iron and cobalt addition into the Ni2P crystal structure has been 
studied as previously discussed. However, these studies have utilized supported catalysts 
that were prepared via temperature programmed reduction (TPR). TPR as a synthetic 
method has many advantages; it utilizes few synthetic steps while also producing 
catalysts that are consistent in terms of crystallite sizes and phase purities. However, 
catalysts synthesized via TPR have limitations. Mainly, TPR produces crystallites with a 
large size distribution and varied morphology, this can be seen in transmission electron 
micrograph (TEM) images of these catalysts as shown in Figure 1-8.35  
The particle size inconsistency limits the usefulness of TPR synthesized catalysts in 
the study of the effects of secondary metal addition into the ternary phosphide system, 
due to significant changes in the catalyst surface-to-volume ratio associated with 
different particle sizes that can lead to variable catalytic properties.38  
 Figure 1-8. TEM image (left) and graphical representation of a Ni2P/SiO2 catalyst 
illustrating the large particle size distribution when prepared via TPR. 
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In order to study the effects of cobalt content on the HDS properties of Ni2-xCoxP 
catalysts another synthetic method is needed to provide a route to size control; one such 
method is based on solution-phase arrested precipitation, which prior studies have shown 
to allow for a very narrow size distribution of the metal phosphide particles.39,40 In 
addition to size control, it has been shown that this synthetic route also produces particles 
that are spherical and that are solid-solutions as shown by TEM and energy dispersive X-
ray spectroscopy (EDX).40 While this synthetic method provides control over the particle 
size, it has been shown that metal phosphide nanoparticle catalysts synthesized via this 
method are prone to sintering at HDS conditions (3.0 MPa, 593 K).39 In order to prevent 
sintering of the catalysts over the duration of the reaction, a mesoporous silica shell has 
been utilized to inhibit the sintering of the Ni2-xCoxP nanoparticles.39,41 Surface area and 
pore size analyses indicates that the silica shell has a pore network with  openings on the 
order of 3-5 nm in diameter, as shown in Figure 1-9. This pore network provides a pathway 
for gaseous reactants to the nanoparticle surface.39,41  
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1.6 Thesis Research Goals 
The goal of this work is to utilize a series of silica-encapsulated nanoparticle 
catalysts with the compositions Ni2-xMxP@mSiO2  (where 0 ≤ x ≤ 0.5 and M = Co or Fe) to 
act as a model system for a larger series of supported HDS catalysts with the compositions 
Ni2-xCoxP/SiO2 (0 ≤ x ≤ 2). The monodisperse nature of the encapsulated nanoparticles 
allows the effects of cobalt addition on the HDS properties of the Ni2P based catalysts to 
be studied in the absence of large particle size variations that are common with TPR 
synthesized catalysts. The effects of cobalt were probed via surface sensitive techniques 
such as FT-IR  spectroscopy of adsorbed CO and X-ray photoelectron spectroscopy (XPS) 
in addition to the direct investigation of the HDS properties of these catalysts for DBT and 
the more sterically demanding organosulfur molecule 4,6-DMDBT.  
 
Figure 1-9. TEM image (left) and graphical representation (right) of a Ni2P@mSiO2 
catalyst; the silica shell prevents sintering of the Ni2-xCoxP particles under HDS 
conditions. 
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Chapter 2: Experimental Methods 
2.1 Reagents 
All reagents were used as received and without any additional purification except 
for the fumed silica (SiO2) support material, carbon monoxide (CO), helium (He) and 
hydrogen (H2) gases. The silica support (Cabot, Cab-O-Sil, M7-D, 200 m2/g) was calcined 
before use, this entailed taking a portion of silica and heating it in a evaporating dish to 
773 K for 3 h in air; the calcined silica was then stored at 393 K. Carbon monoxide 
(Advanced Specialty Gases, 99.9%) was purified before use by passing the gas through a 
1/8” stainless steel loop submerged into a n-pentane slurry at ~140 K. He and H2 (Airgas, 
99.999%) gases were purified using 0.5 nm molecular sieve (Alltech) and oxygen 
purification (Oxyclear) traps.  
2.2 Synthesis of Supported Nickel-Cobalt Phosphides 
The silica-supported nickel-cobalt phosphide catalysts (Ni2-xCoxP/SiO2) were 
prepared by varying the amounts of the two metals over the range of 0.0 ≤ x ≤ 1.0. This 
was accomplished by adjusting the relative quantities of the metal salt precursors, cobalt 
(II) hexahydrate (Co(NO3)2·6H2O, Alfa Aesar, ACS, 99%) and nickel (II) nitrate hexahydrate 
(Ni(NO3)2·6H2O, Alfa Aesar, ACS, 99%) used in a catalyst synthesis; the quantities used 
are listed in Table 2-1. Ammonium dihydrogen phosphate (NH4H2PO4, Alfa Aesar, ACS, 
98.0%) was used as the phosphorous source and the phosphorous-to-metal mole ratio 
(P/M) was kept at a value of 1.0 for all catalysts. 
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The precursor materials were dissolved into ~2 mL of nanopure H2O and 
impregnated onto 1.80 g of the fumed SiO2 support via the incipient wetness method in 
order to give a 10 wt% Ni2-xCoxP/SiO2 catalyst. The incipient wetness method consists of 
taking the calcined SiO2 and adding the precursor solution drop-wise until the support 
pore volume is filled and the material exhibits the first sign of wetness, it is then re-dried 
for at least 1 h at which time the process is repeated until all of the precursor solution has 
been delivered.35  
The impregnated catalyst precursors were then calcined in air at 773 K for 3 h 
yielding oxidic precursors according to Equation 2-1.22  
Catalyst 
Phosphorous 
to Metal 
Ratio 
Ni(NO3)2·6H2O 
(g) 
Co(NO3)2·6H2O 
(g) 
NH4H2PO4 
(g) 
Ni2.0P/SiO2 1.0 0.7844 0.0000 0.3103 
Ni1.92Co0.08P/SiO2 1.0 0.7527 0.0314 0.3101 
Ni1.75Co0.25P/SiO2 1.0 0.6861 0.0980 0.3100 
Ni1.50Co0.50P/SiO2 1.0 0.5875 0.1960 0.3099 
Ni1.25Co0.75P/SiO2 1.0 0.4897 0.2937 0.3095 
Ni1.00Co1.00P/SiO2 1.0 0.3916 0.3919 0.3097 
Ni0.75Co1.25P/SiO2 1.0 0.2937 0.4896 0.3094 
Ni0.50Co1.50P/SiO2 1.0 0.1956 0.5872 0.3095 
Ni0.25Co1.75P/SiO2 0.50 0.0982 0.6848 0.1546 
Co2.0P/SiO2 0.50 - 0.7825 0.1548 
Table 2-1. Reagent masses for the Ni2-xCoxP/SiO2 catalysts (10 wt%). 
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(Ni(NO3)2 + Co(NO3)2 + NH4H2PO4)/SiO2  (NiO + CoO + P2O5)/SiO2 + NOx + NH3 + H2O
 Equation 2-1 
Temperature programmed reduction (TPR) was utilized to reduce the oxide 
precursors to the corresponding nickel-cobalt phosphide, these reactions were 
performed in quartz U-tubes as illustrated in Figure 2-1.  
The TPR sequence, shown graphically in Figure 2-2, used a 5 K/min ramp rate to a 
final temperature of 923 K. Prior to reduction, the catalyst precursors were purged in 
flowing He at 60 mL/min for 30 min with the reduction of the catalysts performed in 
flowing H2 at 140 mL/min. The reduced catalysts were then purged with 60 mL/min He 
for 30 min and finally passivated using a 60 mL/min flow of 1 mol% O2/He for 2 h to 
prevent deep oxidation of the reduced catalyst from occurring upon air exposure.  
Figure 2-1. Representation of the quartz u-tube apparatus used for TPR. 
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2.3 Synthesis of Encapsulated Nickel-Cobalt Phosphide Nanoparticles 
Encapsulated nickel-cobalt phosphide (Ni2-xCoxP@mSiO2) nanoparticle catalysts, 
0.0 ≤ x ≤ 1.0, were prepared by Dr. Stephanie Brock’s research group at Wayne State 
University; a brief description of the synthesis is given here.39,40 The synthesis of the Ni2-
xCoxP nanoparticles utilized nickel (II) and cobalt (II) acetylacetonate salts as the metal 
sources and trioctylphosphine (TOP) provided the phosphorous. The precursors were 
dissolved in ~10 mL of octylether with varying amounts of oleyamine (2-20 mL), the 
particle size being determined by the amount used. The solution was heated at 503 K for 
1.5 h, additional TOP was then introduced with the quantity dependent on the amount of 
oleyamine used, and the temperature was increased to 623 K and maintained for 2 h. 
Particles were isolated from the cooled solution by segregation into chloroform and were 
then precipitated with ethanol. Bound organics were removed from the particle surface 
Figure 2-2. Diagram of the TPR program utilized for the catalyst reduction. 
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by sonication in chloroform and subsequent re-precipitation with ethanol; the prepared 
Ni2-xCoxP particles were then vacuum dried.  
Encapsulation of the nanoparticles into a mesoporous silica shell involved taking 
a portion of the prepared nanoparticles and adding them to ~20 mL of a 0.1 M aqueous 
surfactant solution of n-cetyltrimethylammonium bromide (CTAB), the solution was 
heated to 353 K for 30 min. Silica polymerization was carried out by first diluting the 
solution with ~130 mL of nanopure H2O and basifying it with 1 M sodium hydroxide; 
tetraethylorthosilicate (TEOS) was then added to the solution via a syringe pump at a rate 
of 0.5 mL/min to a total volume of ~3 mL. The polymerization reaction was performed for 
~15 min at 323 K, afterwards the particles were separated via centrifuge and washed with 
methanol. Once isolated, the encapsulated nanoparticles were calcined in air at 723 K to 
remove any organic ligands bound to the nanoparticle surface. Reduction was performed 
at 673 K by flowing a 5 mol% H2/Ar mixture and gas phase triphenylphosphine (PPh3) over 
the calcined particles for 2.5 h to give the Ni2-xCoxP@mSiO2 nanoparticle catalysts.39,41  
2.4 Characterization by X-ray Diffraction 
Powder x-ray diffraction (XRD) patterns were collected on a PanAnalytical X’Pert 
Pro MRD diffractometer using monochromatic Cu Kα radiation with a wavelength (λ) of 
0.15418 nm. Catalyst samples (15 mg) were ground to a fine powder and mounted on 
glass slides by saturating the sample with methanol followed by tapping with a spatula to 
develop an evenly dispersed layer which was then allowed to air dry. The samples were 
scanned over a Bragg angle (2θ) range of 35-65° with a step size of 0.015° and a dwell 
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time of 25 s. The X’Pert HighScore Plus software package was used for data fitting and 
conversion, reference patterns were obtained from the JCPDS powder diffraction 
database and crystallographic information files (CIFs) were acquired from the Pearson 
crystal database.42,43 
Catalyst phase purity was determined by comparison of collected and reference 
XRD patterns, including Ni2P (card no. 03-065-1989), Ni12P5 (card no. 03-065-1623), Co2P 
(card no. 00-006-0595) and CoP (card no. 00-029-0497). Average crystallite sizes (Dc) were 
calculated from the most intense peak at ~40.8°, which corresponds to the {111} set of 
planes, by means of the Scherrer equation, Equation 2-2, where K = 1.0 (it is assumed that 
the crystallites are spherical in shape), λ = 0.15418 nm, β is the peak width at half 
maximum (in radians) and θ is the angle of the center of the peak (in radians). 
𝐷𝐷𝑐𝑐 = 𝐾𝐾𝐾𝐾𝛽𝛽𝑐𝑐𝛽𝛽𝛽𝛽𝛽𝛽 Equation 2-2 
Rietveld refinement was performed on the diffraction patterns in order to 
determine the lattice parameters of the Ni2-xCoxP phases as a function of cobalt content. 
The Rietveld method is a least-squares calculation for the fitting of powder diffraction 
data; the initial values for the fitting routine were set to be those of Ni2P and a 
background was determined from the experimental pattern.44 A Pseudo-Voigt profile was 
used and approximately seven parameters were fit during each refinement, including: 
specimen displacement, peak intensity, preferred orientation, “a”, “b” and “c” lattice 
constants and one profile term (U) to fit broadening. A fit was determined to be 
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satisfactory if the square of the weighted R-profile (R2wp) was low, ~5-6, and the goodness 
of fit (χ2) was in the range of 1-2. If these two criteria did not fall within the permitted 
ranges then the fitting routine was performed again but with an additional parameter for 
peak shape. 
2.5 Scanning Electron Microscopy 
Catalyst composition was determined by energy dispersive x-ray analysis (EDX) 
using either a Vega TS 5136MM scanning electron microscope (SEM) or a JEOL 2010 
transition electron microscope (TEM) equipped with an EDAX Energy Dispersive X-ray 
analysis detector. Samples were pelletized into a 1 cm diameter disk and affixed to a 
mounting tab via conductive carbon tape, samples were then sputter-coated with ~5 nm 
film of gold/platinum to ensure there was no sample charging. Spectra were collected at 
20 or 200 KeV, and at a take-off angle of 43.76°; the spectra were collected for 200 s and 
analyzed using the EDAX Genesis software package. 
2.6 BET Surface Area and CO Chemisorption 
A Micromeritics Autochem 2950HP system equipped with a thermal conductivity 
detector (TCD) was used to determine single point Brunauer–Emmett–Teller (BET) surface 
areas and pulse CO chemisorption capacities. Measurements were performed with 30.03 
mol% N2/He and 10.00 mol% CO/He mixtures (gases from Praxair) for the BET and CO 
chemisorption experiments, respectively. Sample masses of ~50 mg of the ex-situ 
reduced and passivated samples were re-reduced via TPR to 673 K under 60 mL/min of 
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flowing 10.00 mol% H2/Ar (Praxair) with a ramp rate of 10 K/min and were held at the 
final temperature for 1 h. CO chemisorption and BET measurements were then performed 
sequentially at 273 and 77 K, respectively, with the adsorbed CO being desorbed from the 
sample at 623 K before the BET measurements were completed.  
BET surface areas were calculated using a three-point calibration curve generated 
from the manual injection of N2 gas with volumes of 1, 3 and 6 mL shown in Figure 2-3.  
 The relative partial pressure and volume adsorbed by the sample were then used 
to calculate the BET transformation, Bi, according to Equation 2-3. Relative partial 
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Figure 2-3. Three-point calibration curve for BET surface 
area determination. 
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pressure was plotted as a function of Bi and a line was fit through the origin in order to 
derive the slope (m) and y intercept (b), both values were then introduced into Equation 
2-4 to calculate the BET surface area. 
𝐵𝐵𝑖𝑖 = 𝑃𝑃𝑃𝑃𝑜𝑜𝑖𝑖(1− 𝑃𝑃
𝑃𝑃𝑜𝑜𝑖𝑖
)𝑉𝑉𝑆𝑆𝑆𝑆𝑃𝑃 Equation 2-3 
𝑆𝑆𝑆𝑆𝐵𝐵𝐵𝐵 𝑇𝑇 =  0.162 𝑛𝑛𝑛𝑛2×(6.023 ×1023)(22414 𝑛𝑛𝑚𝑚)×�1018𝑛𝑛𝑛𝑛2
𝑛𝑛2
�×(𝑛𝑛+𝑏𝑏) Equation 2-4 
Chemisorption capacities were determined by pulsing a known volume of CO gas 
over the catalyst and subtracting the volume not adsorbed (Vna) from the total volume 
pulsed as determined by Equation 2-5, and shown in Figure 2-4, to give total volume 
adsorbed (Vs).  
𝑉𝑉𝑆𝑆 = 𝑁𝑁𝑉𝑉𝑖𝑖 −  𝑉𝑉𝑛𝑛𝑛𝑛 Equation 2-5 
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Figure 2-4. TCD signal from the CO pulses during a chemisorption experiment. 
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A gas loop with a volume 0.6080 mL was used and sample saturation was 
determined to have been reached if the peak areas of three consecutive pulses remained 
unchanged. The adsorbed peak area (Ap) was converted into mL of gas (Vpa) by Equation 
2-6 using a mass flow controller calibration factor (Fc).  
𝑉𝑉𝑝𝑝𝑛𝑛 =  𝑆𝑆𝑝𝑝  ×  𝐹𝐹𝑐𝑐 Equation 2-6 
The volume adsorbed was subsequently converted to µmol via the ideal gas law and 
divided by the sample mass to give the final chemisorption capacities in units of µmol/g. 
2.7 FT-IR Spectroscopy of Adsorbed CO 
Infrared (IR) spectroscopy of adsorbed CO on the catalyst surfaces was performed 
using a Mattson Research Series FT-IR spectrometer with a narrow-band MCT detector 
over the range of 400-4000 cm-1 and with 2 cm-1 resolution. Catalyst samples for the IR 
studies, shown in Figure 2-5, consisted of a 1 cm diameter pellet that was prepared from 
~10 mg of finely ground catalyst that had been die-pressed at 13.8 MPa.  
Nickel wire 
mesh 
Pelletized 
sample 
Thermocouple 
Figure 2-5. Sample mounting arrangement for the FT-IR experiments. 
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The sample pellet was subsequently compressed into a nickel wire mesh at 68.9 
MPa. A chromel/alumel type K thermocouple was spot-welded to the Ni wire mesh near 
the sample to allow for monitoring of the sample temperature. Once the sample was 
mounted, the apparatus was placed into an ion-pumped vacuum chamber with a base 
pressure of ~5 x 10-9 Torr, the sample was allowed to degas to a pressure of ~10-8 Torr 
before experiments were conducted.45 Resistive heating of the electrically conductive, 
but thermally insulating, sample mounting apparatus allowed for reduction of sample 
pellets in-situ. 
Degassed catalyst samples were reduced in 100 Torr H2 for 30 min at four different 
temperatures of 475, 575, 650 and 700 K. The catalyst samples were then evacuated and 
heated to the identical temperature that they were reduced at in order to remove any 
adsorbed species. Once the sample had cooled to room temperature the CO adsorption 
experiments were performed at the predetermined pressures of 1, 5, 10, 15, 25 and 50 
Torr CO.  
Prior to any catalyst samples being mounted and studied, a series of background 
spectra were acquired for each CO pressure; these background spectra removed any 
potential interference from the spectral contribution of gas phase CO or the Ni mesh. 
Sample spectra were collected after the chamber pressure was permitted to stabilize for 
at least 1 min, additionally, all absorption spectra were subtracted by the reduced catalyst 
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spectrum acquired in vacuum to yield a spectrum without any contributions from the 
catalyst or gas phase CO. 
2.7 X-Ray Photoelectron Spectroscopy 
X-ray photoelectron spectra (XPS) were collected at the Surface Analysis Recharge 
Center at the University of Washington on a Surface Science Instruments S-probe 
spectrometer equipped with a monochromatic Al Kα (1486.6 eV) source and a take-off 
angle was ~55° was used, yielding an approximately 5 nm sampling depth. All spectra 
were collected at a pressure of ≤ 5 X 10-9 Torr and with pass energies of either 150 and 50 
eV for survey and high resolution scans, respectively. The XPS spectra were corrected for 
sample charging with the C 1s (285.0 eV) peak of adventitious carbon. Spectra were 
analyzed using the Service Physics Hawk software program and fitted using a Shirley type 
background. 
2.8 Carbon and Sulfur Analysis 
Carbon and sulfur analyses of HDS-tested catalyst samples was performed using a 
LECO SC-144DR Sulfur and Carbon Analyzer.  Approximately 0.1 g of a tested catalyst 
sample was placed into a ceramic boat, which was then loaded into a furnace where the 
sample was combusted in an oxygen-rich environment at ~1625 K for 3 min.  Combusted 
carbon (CO2) and sulfur (SO2) that evolved from the catalyst sample was quantified via IR 
detection and reported as wt% C and S. 
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2.9 Hydrodesulfurization Measurements 
HDS measurements were carried out using a continuous flow, high pressure 
reactor system shown schematically in Figure 2-6.46  
The reactor body was comprised of a stainless steel tube with an inner diameter 
of 11.2 mm from Autoclave Engineers, this reactor configuration has both the liquid feed 
and gas (e.g. H2) introduced into the top of the reactor. A Series I metering HPLC pump 
was utilized to introduce the model feed solution into the reactor system, where it was 
vaporized in-line using heating tape set to approximately 473 K, before reaching the main 
reactor tube. Gas flow was controlled by Brooks Model 5850S mass flow controllers that 
Figure 2-6. Schematic of the fixed bed, high-pressure, continuous flow reactors. 
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were operated via computer control, and a constant reactor pressure of 3.0 MPa was 
maintained by a Swagelok back pressure regulator. Two side-by-side reactors were 
operated simultaneously. The reactors were heated with 2000 W Watlow clamshell 
furnaces while the temperature was controlled with an Omega type K thermocouple 
mounted coaxially in direct contact with the catalyst bed.  
Catalyst samples were loaded into the reactors by first pressing the powdered 
catalyst at 7,000 psi into 1 cm diameter pellets. The pellets were subsequently forced 
through a wire mesh sieve with 1.18 mm openings, a second sieve with 0.85 mm openings 
selectively captured intermediately sized catalyst particles (number 16-20 sized mesh) 
that were used in the reactors. Total sample masses of between 0.1000 – 0.1500 g were 
diluted with ~0.85 mm sized quartz crystals to an aggregate volume of 5 mL. The diluted 
catalyst was placed between two ~15 mL volumes of 3 mm Pyrex beads that were kept 
separated from the catalyst by 0.1 g pieces of quartz wool; this ensured there was no 
movement of the catalyst bed during HDS measurements.  
All catalysts studied for HDS activity and selectivity were synthesized via the 
procedures described previously. Prior to loading in the reactor, samples were pretreated 
by purging with 60 mL/min He for 30 min, then reduced in a 60 mL/min flow of H2 at 101.3 
Pa to a final temperature of 650 K with 1 h ramp and 2 h soak periods. After cooling the 
reactors to ambient temperature, they were pressurized with H2 to 3.0 MPa and heated 
to the initial temperature of interest; once stabilized, the model feed flow was started at 
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a rate determined by the type of experiment. The model feed consisted of either 3,000 
ppm of dibenzothiophene (C12H8S, Acrōs Organics, 98%) or 1,000 ppm of 4,6-
dimethyldibenzothiophene (C14H12S, Acrōs Organics, 95%) dissolved in 1 L of 
decahydronaphthalene (C10H18, Alfa Aesar, cis + trans, 98%), 500 ppm of dodecane 
(C12H26, Alfa Aesar, 99+%) served as an internal standard for GC analysis. The reactors 
were allowed to stabilize for a minimum of 3 h after a change of temperature and 1 h 
after a change of weight time. Reactor effluent was cooled and collected to allow for 
product analysis by gas chromatography; four samples were taken at 30 min intervals for 
each temperature or weight time investigated.  
HDS measurements were focused on determining both catalytic activity and 
selectivity and this was accomplished by varying the reactor temperature at a specific 
weight time. Reactor weight time (τ) is defined as the mass of the catalyst divided by the 
total molar flow of reactants (i.e. τ = g*min/mol) as shown in Equation 2-7.15  
𝜏𝜏 =  𝑔𝑔𝑐𝑐𝑐𝑐𝑐𝑐
𝑛𝑛𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
Equation 2-7 
To determine the appropriate flow rate for the HDS experiments involving 4,6-
DMBDT, the weight time was changed by altering the flows of both the model feed and 
of the H2 gas (nfeed), the ratio between which was kept constant at 0.0009. The flow rates 
investigated and the corresponding weight times, are listed in Table 2-2. The weight time 
chosen, 0.75 g*min/mol, was determined to yield HDS conversions of 5-75%, but at a 
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sufficient flow-through rate to produce a high enough effluent volume for collection and 
analysis by GC/GC-MS. 
Catalyst activity and selectivity were probed over a reactor temperature range of 
573-673 K, in 20-25 K increments. Catalyst conversions were normalized to the catalyst 
mass loaded into the reactors, and HDS activity (Equation 2-8) was defined as the moles 
DBT (or 4,6-DMDBT) converted per unit time divided by the number of grams of catalyst 
utilized.  
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑛𝑛𝑛𝑛𝛽𝛽𝑛𝑛
𝑔𝑔𝑐𝑐𝑐𝑐𝑐𝑐.∗𝛽𝛽−1 Equation 2-8 
Catalyst selectivities were determined from the sum of products subtracted from the 
amount of starting DBT (or 4,6-DMDBT) in the model feed on a mol% basis and normalized 
to 100%. 
τ = mcat/nfeed 
Soln. Feed
(mL/min) 
H2 Feed 
(mL/min) 
Soln. Feed 
(mol/min) 
H2 Feed 
(mol/min) 
nfeed 
(mol/min) 
1.69 0.04 44 3.23 x 10-4 0.06 0.06 
1.13 0.06 67 4.84 x 10-4 0.09 0.09 
0.75 0.09 100 7.26 x 10-4 0.13 0.13 
0.52 0.13 144 1.05 x 10-3 0.19 0.19 
0.38 0.18 200 1.45 x 10-3 0.26 0.27 
Table 2-2. Weight times used and the corresponding reactant flow rates for 4,6-DMDBT 
HDS measurements. 
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2.10 HDS Product Analysis by GC and GC-MS 
The reactor effluent for DBT and 4,6-DMDBT HDS was analyzed off-line using an 
Agilent 6890N gas chromatograph (GC) with a 763B auto-sampling system, a flame 
ionization detector (FID) and a HP-5 (Agilent, 5% Phenyl-methylpolysiloxane) GC column. 
Ultra-high purity helium was used as the carrier gas and the split injection had a ratio of 
39.9:1 and a total flow of 108.5 mL/min with a 3 µL injection volume. The GC procedure 
for both DBT and 4,6-DMDBT comprised of two stages starting from an initial column 
temperature of 398 K, a preliminary ramp to 418 K at 10 K/min with a hold time of 2 min 
followed by a second ramp to 523 K at 15 K/min and no hold time, for a total run time of 
11.33 min. GC inlet and detector temperatures were maintained at 523 and 533 K, 
respectively, throughout the entirety of the method. 
Peak identification and retention time determination for the DBT HDS products 
were carried out by collecting GC traces of the starting material and all major products 
individually. The decalin solvent peaks were determined be the two intense peaks at 2.09 
and 2.31 minutes for the trans and cis isomers, respectively. Figure 2-7 shows the GC plots 
for the DBT products.  
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This included dibenzothiophene (DBT), biphenyl (BP, TCI America, 99%), 
cyclohexylbenzene (CHB, TCI America, 97%) and bicyclohexane (BCH, TCI America, 99%). 
Not shown is the peak due to the dodecane internal standard which has a retention time 
of 2.54 min. Similarly, the GC traces for 4,6-dimethyldibenzothiophene (4,6-DMDBT) 
starting compound and its two major products 3,3’-dimethylbiphenyl (3,3’-DMBP, TCI, 
97%) and 3,3’-dimethylcyclohexylbenzene (3,3’-DMCHB) had GC traces independently 
collected and retention times determined for each material and are shown in Figure 2-8. 
3 4 5 6 7 8 9
8.50 min
4.40 min
3.70 min
BCH
CHB
Retention Time (min)
DBT
BP
3.55 min
Figure 2-7. GC retention times for DBT and its HDS products. 
 
32 
Supplementary peak identification for the HDS of 4,6-DMDBT was carried out 
using a Varian GC-MS composed of a CP3800 GC with Saturn 2000 Ion Trap mass 
spectrometer. Molecular ion and fragment analysis allowed for the assignment of further 
HDS product peaks in the GC traces for 3,3’-dimethylbicyclohexane (3,3’-DMBCH) at the 
retention times of 4.7 and 4.8 min for the trans and cis isomers, respectively, and for 
tetrahydro-4,6-dimethyldibenzothiophene (4H-DMDBT) at 9.6 min. 
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Figure 2-8. GC retention times for 4,6-DMDBT and its HDS products. 
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DBT HDS product quantification was accomplished by the utilization of a six-point 
calibration curve for each known product and the starting material. The calibration curve 
was made by taking a stock solution containing 3,000 ppm of each of DBT, BP, CHB and 
BCH and diluting it by 20% increments with a blank solution of decalin and dodecane. This 
yielded six solutions with known concentrations of starting material and product. In order 
to keep the internal standard concentration constant over each dilution both the stock 
and blank solutions had 500 ppm of dodecane. 
Product quantification for the HDS of 4,6-DMDBT was performed with a ten-point 
calibration curve for the starting material 4,6-DMDBT and the major products 3,3’-DMBP 
and 3,3’-DMCHB. The calibration curve was made in a similar fashion to that of DBT and 
used a stock solution of 1,000 ppm of 4,6-DMDBT and 500 ppm each for 3,3’-DMBP and 
3,3’-DMCHB. This solution was serially diluted by 10% with a blank solution consisting of 
decalin with 500 ppm of dodecane to produce a series of ten solutions with known 
concentrations of each analyte.  
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Analyte response factors for both DBT and 4,6-DMDBT were calculated by dividing 
the GC peak areas by that of the dodecane internal reference, and then plotting the 
resulting corrected peak areas as a function of analyte concentration, shown in Figures 2-
9 and 2-10 for DBT and 4,6-DMDBT, respectively. A linear fit was then applied to the plot 
and the analyte response factor for each compound was determined to be the slope of 
the linear fit; the response factors for the different analytes are given in Table 2-3. All 
subsequent quantification utilized the analyte response factors in order to determine 
their respective concentrations for the subsequent activity and selectivity calculations. 
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Figure 2-9. Calibration curves for DBT and its HDS products. 
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Analyte Retention Time (min) 
Response Factor 
(rf) 
BCH 3.6 0.00180 
CHB 3.7 0.00177 
BP 4.4 0.00197 
DBT 8.5 0.00161 
3,3’-DMBCH 4.7 & 4.8 0.00169a 
3,3’-DMCHB 5.5 & 5.7 0.00169 
3,3'-DMBP 6.8 0.00178 
4H-DMDBT 9.6 0.00150b 
4,6-DMDBT   10.2 0.00150 
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Table 2-3. HDS product retention times and response factors, 
for analytes with two isomers the trans isomer is listed first. 
Figure 2-10. Calibration curves for 4,6-DMDBT and its HDS 
 
a. Utilized the response factor of 3,3’-DMCHB
b. Utilized the response factor of 4,6-DMDBT
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Chapter 3: Characterization of Ni2-xMxP Catalysts 
3.1 XRD Characterization 
X-ray diffraction was used to identify the metal phosphide phases present in the 
supported and encapsulated Ni2-xMxP catalysts by comparing acquired XTD patterns with 
reference patterns from the JCPDS database, including Ni2P (#74-1385), Ni12P5 (#74-
1381) and Co2P (#32-0306). With the Ni2-xCoxP system, neutron diffraction studies have 
shown a change in the unit cell structure occurs at x ≈ 1.6, above this Co content the 
crystal structure changes from that of Ni2P to that of Co2P, or from the Fe2P-type 
hexagonal unit cell (P6̅2m) to the Co2P-type orthorhombic unit cell (Pnma).27,47,48  
Diffraction patterns of the Ni2-xCoxP/SiO2 catalysts prepared by incipient wetness 
and TPR are shown in Figure 3-1 for compositions with x ≤ 1.25. These catalysts display 
the phase pure Ni2P structure type except for the Ni0.75Co1.25P composition, which has a 
small CoP impurity peak at ~46.3°. At higher Co contents, x > 1.25, the Ni2-xCoxP/SiO2 
catalysts exhibited a mixture of phases (Ni2P and CoP); efforts to synthesize catalysts 
containing only the Ni2P phase at these compositions were attempted by adjusting the 
precursor P/M molar ratio. Additional precursor P/M ratios of 0.75 and 0.50 were 
investigated for four compositions in the range 0.60 ≤ x ≤ 2.0, as it was shown previously 
that in order to synthesize phase pure Co2P/SiO2 from phosphate the precursor ratio 
must be ~0.50.35 The XRD patterns for Ni0.75Co1.25P/SiO2 catalysts made with P/M 
precursor ratios of 1.0, 0.75 and 0.50 are shown in Figure 3-2.  
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Ni0.75Co1.25P
Figure 3-1. XRD patterns for Ni2-xCoxP/SiO2 catalysts that exhibit the Ni2P phase. 
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 A Ni1.50Co0.50P/SiO2 catalyst synthesized with a precursor P/M ratio of 1.0  yielded 
a mixed phase of Ni2P and CoP that was ~66% Ni2P as determined from Rietveld 
refinement. At the lower P/M ratios the relative quantities of each of the mixed phases 
was observed to shift to more CoP as seen with the Ni0.75Co1.25P/SiO2 catalyst. The two 
most Co-rich catalyst compositions, with x = 1.75 and 2.0, produced the phase pure Co2P 
structure type at a precursor P/M ratio of 0.50; Figure A1 shows the XRD patterns for 
these catalysts. 
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Bragg Angle (degrees)
Figure 3-2. XRD patterns of Ni0.75Co1.25P/SiO2 catalysts synthesized with precursor 
P/M ratios of 1.0, 0.75 and 0.50. 
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The XRD diffraction patterns for the Ni2-xCoxP@mSiO2 and Ni2-xFexP@mSiO2 
catalysts prepared at Wayne State University exhibited the phase pure Ni2P structure 
type as shown in Figures 3-3 and 3-4, respectively.  
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Figure 3-3. XRD patterns for the Ni2-xCoxP@mSiO2 catalysts. 
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Figure 3-4. XRD patterns for the Ni2-xFexP@mSiO2 catalysts. 
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XRD peak shifts were observed for the supported and encapsulated Ni2-xMxP 
catalysts upon incorporation of M into the catalysts; at low M loadings (x ≤ 1.0) there is a 
smooth shift of  the {111} diffraction peak from 40.8° to 41.3°, while at higher Co contents 
(x > 1.0) the shift reverses and trends to lower Bragg angles, (41.3° to 40.9°). This shift of 
the peak positions is in contrast to the prediction from Vegard’s law and the peak shifts 
seen in Ni-Co alloys which exhibit a linear shift to lower Bragg angles as the Co fraction is 
increased.49,50 The XRD patterns of the as-prepared catalysts were fit using the least 
squares method of Rietveld refinement; Figure 3-5 shows the refined pattern for the 
Ni1.92Co0.08P@mSiO2 catalyst.44  
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Figure 3-5. Rietveld fit (black line) for the Ni1.92Co0.08P@mSiO2 catalyst and the 
difference (blue line) between the observed (red points) and calculated pattern. 
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The calculated fit accounts well for the observed peak intensities in the pattern except for 
a slight over estimation of the intensity of the {111} peak at ~40.8°. The fit qualities for 
the patterns of the remaining Ni2-xMxP@mSiO2 catalysts are similar and are shown in 
Figures A2-A7. The refined patterns for the Ni2-xCoxP/SiO2 catalysts show slightly greater 
differences between the calculated and observed intensities, especially for the higher Co 
content samples as shown in Figures A8-A17. Lattice parameters and molecular volumes 
((unit cell volume)/3 for Ni2P-type and (unit cell volume)/4 for Co2P-type) calculated from 
the Rietveld fits are listed in Tables 3-1 and 3-2 for the supported and encapsulated Ni2-
xCoxP catalysts, respectively, along with crystallite sizes calculated from the Scherrer 
equation. 
Composition Crystallitesize (nm) 
Lattice Parameters (nm) Molecular 
Volume 
(nm3) 
Ni2P-type Co2P-type 
a c a b c 
Ni2.0P 10 0.5871 0.3386 - - - 0.0337 
Ni1.92Co0.08P 12 0.5865 0.3379 - - - 0.0336 
Ni1.75Co0.25P 11 0.5858 0.3356 - - - 0.0332 
Ni1.50Co0.50P 13 0.5860 0.3348 - - - 0.0332 
Ni1.25Co0.75P 14 0.5851 0.3348 - - - 0.0331 
Ni1.00Co1.00P 16 0.5837 0.3351 - - - 0.0329 
Ni0.75Co1.25P * 17 0.5850 0.3359 - - - 0.0332 
Ni0.50Co1.50P * 12 0.5795 0.3367 - - - 0.0326 
Ni0.25Co1.75P 19 - - 0.5667 0.6572 0.3460 0.0322 
Co2.0P 19 - - 0.5679 0.6619 0.3510 0.0330 
Table 3-1. Ni2P crystal properties determined from the Scherrer equation and Rietveld 
refinement for the Ni2-xCoxP/SiO2 catalysts. 
* Catalysts were not phase pure, values listed are for the Ni2P structure type only.
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The crystallite sizes reported were calculated using the {111} peak at ~40.8° for Ni2P-type 
catalysts and the overlapped {112} and {210} peaks at ~40.5° for the catalysts with the 
Co2P-type structure. There is a distribution of average crystallite sizes (10-16 nm) for the 
supported catalysts that show the Ni2P-type phase, while the average crystallite size 
distribution of the encapsulated Ni2-xMxP catalysts is a much narrower distribution of 11-
13 nm.  
The change in the “a” lattice parameter exhibits a trend with increasing Co content 
that is similar to that reported in prior studies utilizing a series of Ni2-xCoxP nanoparticles 
that were of similar particle size and composition as bulk materials.51-53 For these Ni2-
xCoxP systems a slight decrease of “a” is observed from the starting value of ~0.588 nm 
after which the decrease slows from 0.25 < x > ~0.8. Beyond x ≈ 0.8 the value of “a” 
decreases for the Ni2P catalysts until the change in the unit cell structure to the 
Composition Crystallitesize (nm) 
Lattice Parameters 
(nm) Molecular 
Volume 
(nm3) 
Ni2P-type 
a c 
Ni2.00P 12 0.5875 0.3392 0.0338 
Ni1.92Co0.08P 13 0.5871 0.3381 0.0336 
Ni1.75Co0.25P 11 0.5877 0.3375 0.0336 
Ni1.50Co0.50P 13 0.5864 0.3353 0.0333 
Ni1.90Fe0.10P 12 0.5857 0.3356 0.0332 
Ni1.80Fe0.20P 12 0.5905 0.3383 0.0340 
Ni1.70Fe0.30P 12 0.5884 0.3385 0.0338 
Table 3-2. Ni2P crystallite properties determined from Rietveld refinement for the Ni2-
xMxP@mSiO2 catalysts. 
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orthorhombic Co2P-type.37 The calculated “a” lattice parameter for both the 
encapsulated and supported Ni2-xCoxP series of catalysts is shown in Figure 3-6 as a 
function of Co fraction for the  x < 1.75 compositions.  
The variation in the “c” lattice parameter for the supported Ni2-xCoxP/SiO2 series of 
catalysts as the Co content is increased more closely resembles that for the bulk system 
(Figure 3-7).51-53 
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Figure 3-6. “a” lattice parameter calculated via Rietveld refinement for the supported 
and encapsulated Ni2-xCoxP catalysts, polynomial line fits are guides for the eye. 
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Upon addition of Co into the Ni2P lattice there is an immediate decrease in the “c” 
parameter for x ≤ 0.70, wherein “c” reaches a minimum of ~ 0.335 nm for the Ni1.25Co0.75P 
composition. Further addition of Co into the lattice causes an increase in the “c” 
parameter until the until structure type changes at x ≈ 1.6. The Ni2-xCoxP@mSiO2 series 
of catalysts follow the same trend as for the analogous compositions in the Ni2-xCoxP/SiO2 
catalysts exhibiting a decrease in the “c” value upon Co addition.  
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Figure 3-7. “c” lattice parameter calculated via Rietveld refinement for the supported 
and encapsulated Ni2-xCoxP catalysts, polynomial line fits are guides for the eye. 
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Calculated lattice parameters from the Rietveld fits of the XRD patterns for the 
Ni2-xFexP@mSiO2 catalysts (Figure 3-8) differ significantly from reported values for an 
analogous bulk system. For the compositional range studied here (0 ≤ x ≤ 0.3) the effect 
of Fe incorporation into the crystal structure is expected to result in an increase in the 
lattice parameter “a” and a sharp decrease in “c” until x ≈ 0.3.51 The calculated lattice 
parameters indicate that the dependence on Fe content for the Ni2-xFexP@mSiO2 
catalysts is more complex, with both “a” and “c” decreasing upon slight addition of Fe (x 
= 0.05) but then increasing until x ≈ 0.13. To probe this more fully, it will be necessary to 
investigate a wider range of Ni2-xFexP@mSiO2 compositions. 
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Figure 3-8. The “a” (left) and “c” (right) lattice parameters calculated via Rietveld 
refinement for the Ni2-xFexP@mSiO2 catalysts, polynomial line fits are guides for the eye. 
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Calculated molecular volumes for the Ni2-xMxP@mSiO2 and Ni2-xCoxP/SiO2 
catalysts (Table 3-1 and 3-2) are in good agreement with prior studies and show a 
decrease upon M addition.53 However, the reduction in molecular volume is more 
pronounced for the supported catalysts and this change in molecular volume becomes 
more gradual as the Co content is increased beyond x ≈ 0.25.51  
3.2 Composition Analysis via EDX 
The elemental compositions of the as-prepared Ni2-xCoxP/SiO2 catalysts were 
determined using EDX and the Kα transitions of Ni, Co and P at binding energies of ~7.5, 
~6.95 and ~2.0 KeV, respectively, as shown in Figure 3-9.   
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Figure 3-9. EDX spectra for the Ni2-xCoxP/SiO2 catalysts (0 ≤ x ≤ 1.25). 
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The EDX spectra show that as the amount of Co in the as-prepared catalysts is 
increased, the peak corresponding to the Co Kα transition grows in at ~6.95 KeV while the 
peak assigned to the Ni Kα transition at ~7.49 eV decreases in relative intensity.54 
Calculated compositions for the Ni2-xCoxP/SiO2 catalysts as determined from the EDX 
atom weight percentages are listed in Table 3-3 along with the respective phosphorous-
to-metal molar ratios. 
The Ni/Co metal ratios for the Ni2-xCoxP/SiO2 catalysts are within ~30% of the targeted 
compositions, these deviations from the target compositions illustrate one of the 
challenges with the incipient wetness and TPR synthetic methods. Additionally, the P/M 
ratios for the supported Ni2-xCoxP catalysts (P/M = 0.51-0.84) are slightly above (~10%) 
the expected stoichiometric (P/M = 0.50) values; P-rich surfaces have been described in 
prior studies.26,40  
Target 
Composition 
Weight Percent 
Formula P/M 
Ni Co P 
Ni2.0P 8.62 0.00 3.33 Ni1.73P 0.73 
Ni1.92Co0.08P 5.74 0.29 2.68 Ni1.13Co0.06P 0.84 
Ni1.75Co0.25P 7.96 1.20 2.88 Ni1.46Co0.22P 0.60 
Ni1.50Co0.50P 8.60 2.92 3.18 Ni1.43Co0.48P 0.52 
Ni1.25Co0.75P 4.70 3.03 2.73 Ni0.91Co0.58P 0.67 
Ni1.0Co1.0P 6.34 6.43 3.46 Ni0.97Co0.98P 0.51 
Ni0.75Co1.25P 4.52 2.74 2.79 Ni0.52Co0.85P 0.73 
Table 3-3. Calculated compositions determined from EDX for the TPR 
prepared Ni2-xCoxP/SiO2 catalysts. 
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Elemental compositions were also determined via EDX for the Ni2-xMxP@mSiO2 catalysts 
as shown in Table 3-4.56   
The Ni/Co metal ratios for the Ni2-xMxP@mSiO2 catalysts are within ~10% of the targeted 
compositions and the P/M molar ratios (P/M = 0.49-0.57) deviate less than 15% from the 
values expected by stoichiometry (P/M = 0.50).56 
Some of the Ni2-xCoxP nanoparticle materials were investigated prior to 
encapsulation via scanning transmission electron microscopy (STEM) and elemental 
mapping carried out by collaborators at Wayne State and Oregon State Universities. This 
allowed the investigation of the particle sizes as well as the mapping of the composition 
of entire particles used in the Ni2-xCoxP@mSiO2 catalysts. Figure 3-10 shows the EDX line 
scan data for the Ni1.75Co0.25P composition.40 The EDX spectrum shows that the change in 
signal from the Ni, Co and P is fairly uniform across these nanoparticles, this indicates the 
formation of a Ni-Co-P solid-solution. 
Target 
Composition Formula P/M 
Ni2.0P Ni1.85P 0.54 
Ni1.92Co0.08P Ni1.72Co0.10P 0.55 
Ni1.75Co0.25P Ni1.62Co0.26P 0.53 
Ni1.50Co0.50P Ni1.30Co0.48P 0.56 
Ni1.90Fe0.10P Ni1.68Fe0.08P 0.57 
Ni1.80Fe0.20P Ni1.86Fe0.18P 0.49 
Ni1.70Fe0.30P Ni1.75Fe0.26P 0.50 
Table 3-4. Calculated compositions determined from EDX for the 
Ni2-xCoxP@mSiO2 catalysts.56 
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TEM micrographs collected for the Ni2-xMxP@mSiO2 catalysts are shown in Figure 
3-11; high resolution images of the nanoparticles before encapsulation are displayed as 
insets.56 The images show the nanoparticles as dark spheres surrounded by mesoporous 
silica shells that appear as the larger grey spheres. A high degree of dispersion was 
observed for the encapsulated Ni2-xCoxP nanoparticles; the sizes and shapes of the 
core@shell particles were also shown to be quite uniform. The high resolution images of 
the pre-encapsulated Ni2-xMxP nanoparticles reveal lattice planes with d-spacings of ~0.5 
nm, this spacing corresponds to the {100} plane of the crystalline Ni2P-type structure as 
shown in Figure 3-12. Crystal facets are observed around the edges of the particle and 
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Figure 3-10. STEM line scan of through bare Ni1.75Co0.25P nanoparticles.40 
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were assigned Miller indices; the {001} facet has been shown to be highly active for the 
DDS pathway in the HDS of 4,6-DMDBT.33 
100 nm 100 nm 100 nm
x=0.10 x=0.20 x=0.30
5 nm5 nm 5 nm
Figure 3-11. TEM micrographs for the Ni2-xCoxP@mSiO2 (top) and the Ni2-xFexP@mSiO2 
(bottom) catalysts.56 
(101)
0.5 nm 
Figure 3-12. High resolution TEM micrograph for the Ni1.50Co0.50P@mSiO2 catalyst.56 
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3.3 Surface Characterization of the Ni2-xMxP@mSiO2 Catalysts 
Physiochemical data that includes CO chemisorption, BET surface areas and BJH 
pore sizes (encapsulated catalysts only) were determined for the Ni2-xCoxP@mSiO2 and 
Ni2- xCoxP/SiO2 catalysts and are listed in Table 3-5.56  
For the encapsulated and supported Ni2-xMxP catalysts the CO chemisorption capacities 
are highest for the Ni1.92Co0.08P, Ni1.90Fe0.10P and Ni1.75Co0.25P compositions. As M 
content is increased further there is a corresponding decrease in the CO chemisorption 
capacities. For the Ni2-xCoxP/SiO2, catalysts the lowest CO capacity is observed for the 
Catalyst 
CO 
Chemisorption 
(μmol/g) 
BET Surface 
Area 
(m2/g) 
BJH Pore 
Diameter 
(nm) 
Ni2P@mSiO2 17 349 3.5 
Ni1.92Co0.08P@mSiO2 25 343 5.3 
Ni1.75Co0.25P@mSiO2 13 472 5.3 
Ni1.50Co0.50P@mSiO2 9 435 3.4 
Ni1.90Fe0.10P@mSiO2 12 806 4.0 
Ni1.80Fe0.20P@mSiO2 8 1304 5.2 
Ni1.70Fe0.30P@mSiO2 4 784 5.0 
Ni2.0P/SiO2 59 137 - 
Ni1.92Co0.08P/SiO2 54 148 - 
Ni1.75Co0.25P/SiO2 68 151 - 
Ni1.50Co0.50P/SiO2 46 133 - 
Ni1.25Co0.75P/SiO2 25 151 - 
Ni1.0Co1.0P/SiO2 29 188 - 
Ni0.75Co1.25P/SiO2 37 185 - 
Co2.0P/SiO2 6.9 161 - 
Table 3-5. Physiochemical data for the Ni2-xMxP@mSiO2 and Ni2-xCoxP/SiO2 
catalysts.54 
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Co2P/SiO2 catalyst. The Ni2-xCoxP/SiO2 catalysts have an approximate two-fold greater 
CO chemisorption capacity then the Ni2-xCoxP@mSiO2 catalysts of similar composition. 
The BET surface areas for the Ni2-xMxP@mSiO2 catalysts are more than twice 
those of the Ni2-xCoxP/SiO2 series of catalysts; this difference is mainly due to the high 
surface area of the mesoporous silica shell surrounding the Ni2-xMxP nanoparticles.36 The 
encapsulated and supported Ni2-xMxP catalysts have comparable surface areas across the 
respective catalyst compositional ranges, with differences of between 20-30%. With an 
average BJH pore diameter of 4.4 nm, the Ni2-xMxP@mSiO2 catalysts have a pore network 
that is large enough to allow access of gas phase molecules to the nanoparticle surface. 
3.4 FTIR of Adsorbed CO 
IR spectroscopy of adsorbed CO was utilized to determine the types and relative 
abundances of surface adsorption sites present on the Ni2-xMxP@mSiO2 and Ni2-
xCoxP/SiO2 catalysts. IR spectra of adsorbed CO on the Ni2.00P@mSiO2 and Ni2.0P/SiO2 
catalysts reduced under 100 Torr H2 at 700 K are shown in Figure 3-13. In good agreement 
with prior studies of Ni2P catalysts, three distinct types of CO stretching modes were 
observed for adsorbed CO on the encapsulated and supported catalysts.41,56,57 These 
adsorption modes are illustrated in Figure 3-14 and are comprised of CO terminally 
bonded to a surface nickel or phosphorous atom (at ~2100 and ~2200 cm-1, respectively) 
or CO bridge bonded to two adjacent Ni atoms (~1920  cm-1).58  
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Figure 3-14. Schematic representation of the three adsorption modes of CO 
bonding on the surface of Ni2-xCoxP catalysts. 
Figure 3-13. IR spectra of adsorbed CO on encapsulated and supported 
Ni2P catalysts (PCO = 1 Torr, T = 298 K) after reduction in H2 at 700 K. 
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The observation of an IR spectrum of adsorbed CO on the encapsulated Ni2-xMxP@mSiO2 
nanocatalysts provides direct evidence that the mesoporous silica does not block access 
of gas phase molecules to the nanoparticle surface. The relative Ni-CO peak areas for the 
encapsulated and supported Ni2.0P catalysts, of 17 and 25 AU, respectively, do indicate 
that there is a measurable amount of adsorption sites that are blocked upon 
encapsulation. Additionally, the intense νNi-CO peak at ~2100 cm-1 is significantly broader 
for the Ni2.0P@mSiO2 catalyst then for the supported catalyst analog with a full width at 
half maximum that is ~25% larger at a pressure of 1 Torr CO, which may be due to 
interactions between the encapsulating mesoporous silica shell. The νNi-CO stretch for the 
silica-encapsulated Ni2-xCoxP catalysts is shifted by ~8 cm-1 to lower wavenumbers when 
compared to the Ni2-xCoxP/SiO2 catalysts with the same composition; this peak shift has 
been attributed to an interaction of the adsorbed CO with the mesoporous silica shell.59 
A similar shift in the less intense absorbance due to the νP-CO stretch is, however, not 
observed. The peak positions and relative site densities determined using the integrated 
peaks areas for the P-CO and Ni-CO absorbances are listed in Table 3-6 for the 
encapsulated and supported Ni2-xMxP catalysts.  
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The IR spectra of adsorbed CO on the Ni2-xMxP@mSiO2 and Ni2-xCoxP/SiO2 
catalysts are highly dependent on the reduction temperature employed. The degassed, 
as-prepared Ni1.75Co0.25P catalysts (degassed in vacuum only) showed no evidence of CO 
adsorbed on Ni sites, but do exhibit a peak at ~2200 cm-1 due to CO adsorbed on surface 
P sites. Upon reduction in H2 at 475 K, the νNi-CO absorbance peak at ~2100 cm-1 is 
apparent and at each subsequent reduction temperature (575, 650 and 700 K) the 
intensity of this peak grew for both the encapsulated and supported catalysts. Conversely, 
the two less intense absorbance peaks at ~2200 and ~1920 cm-1 corresponding to CO 
bonded to surface P and Ni bridge sites, respectively, increased in intensity much more 
gradually, if at all. This is shown in Figure 3-15 for the Ni1.75Co0.25P composition for both 
Catalyst νP-CO (cm-1) 
νNi-CO 
(cm-1) 
Relative P-CO 
Site Densities 
Relative Ni-CO 
Site Densities 
Ni2.0P@mSiO2 2202 2097 0.040 1.51 
Ni1.92Co0.08P@mSiO2 2201 2096 0.029 1.17 
Ni1.75Co0.25P@mSiO2 2200 2094 0.035 0.58 
Ni1.50Co0.50P@mSiO2 2196 2089 0.029 1.29 
Ni1.90Fe0.10P@mSiO2 2197 2088 0022 0.23 
Ni1.80Fe0.20P@mSiO2 2198 2087 0.011 0.13 
Ni1.70Fe0.30P@mSiO2 2195 2084 0.009 0.22 
Ni2.0P/SiO2 2201 2105 0.033 1.87 
Ni1.92Co0.08P/SiO2 2200 2104 0.088 2.22 
Ni1.75Co0.25P/SiO2 2199 2102 0.090 2.09 
Ni1.50Co0.50P/SiO2 2200 2107 0.036 0.68 
Ni1.25Co0.75P/SiO2 2196 2104 0.041 1.65 
Ni1.00Co1.00P/SiO2 2193 2104 0.060 0.71 
Table 3-6. CO IR adsorption frequencies and relative site densities for the 
encapsulated and supported Ni2-xMxP catalysts after reduction at 700 K (1 Torr, 298 K). 
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the supported and encapsulated catalysts at a pressure of 1 Torr CO, the remaining 
compositions are shown in Figures A18-A25.  
Increasing the pressure of CO induced several changes in the IR spectra for 
adsorbed CO on the supported and encapsulated Ni2-xCoxP catalysts (Figure 3-16). Most 
notably, the peak shape of the intense absorbance due to CO terminally adsorbed to the 
surface Ni atoms. Increasing the CO pressure causes the νCO absorbance to broadens and 
decreases in intensity. This broadening causes a shift of the peak position to lower 
frequencies (by 4-15 cm-1) relative to the spectra collected at 1 Torr CO for the 
encapsulated and supported catalysts. Further, the νCO absorbance at ~2200 cm-1 due to 
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Figure 3-15. IR spectra of adsorbed CO for the supported (left) and encapsulated 
(right) Ni1.75Co0.25P catalysts after reduction in H2 at each temperature.  
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CO adsorbed on surface P atoms does not exhibit the same degree of broadening 
increases in intensity as the CO pressure is increased. 
The broadening of the νCO absorbance at ~2100 cm-1 observed with increased CO pressure 
may be due to surface exposed Co and is more pronounced for the Ni2-xCoxP@mSiO2 
catalysts. At the highest CO pressure (50 Torr) a second peak becomes discernable at 
~2039 cm-1 for the Ni2-xCoxP@mSiO2 catalysts, this frequency is lower than what has been 
reported for Co2P/SiO2 (~2063 cm-1), this indicates that the absorbance at ~2039 cm-1 
may not be due to the adsorption of CO onto exposed Co sites.35 The fact that this 
absorbance is only observed for the Ni2-xCoxP@mSiO2 catalysts and not with the 
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Figure 3-16. IR spectra (at 298 K) of the supported (left) and encapsulated (right) 
Ni2.00P catalysts at 1, 5, 15 and 50 Torr CO after reduction at 700 K.  
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supported analogs indicates that the peak is due to an adsorption site that is specific to 
the core@shell catalysts. 
The peak position for the νCO absorbance due to CO adsorbed on the Ni sites 
depends on composition of the encapsulated and supported Ni2-xMxP catalysts as shown 
in Figure 3-17 (Figure A26 for the Ni2-xCoxP/SiO2 catalysts).56  
The incorporation of Co or Fe into the Ni2P crystal structure causes a shift to lower 
wavenumbers; the magnitude of this shift is directly related to the amount of Co or Fe 
incorporated. For the Ni2-xCoxP@mSiO2 catalysts, the νCO absorbance due to CO adsorbed 
on Ni sites shifts from 2097 to 2089 cm-1 as x increases up to x = 0.50. The peak shift for 
the Ni2-xFexP@mSiO2 catalysts is larger at a lower Fe content, for x = 0.30 the peak has 
shifted from 2097 to 2084 cm-1. The trend to lower frequencies of the νCO absorbance for 
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Figure 3-17. IR spectra of the encapsulated Ni2-xCoxP (left) and Ni2-xFexP (right) 
catalysts at 1 Torr CO and after reduction at 700 K.  
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adsorbed CO on Ni2-xFexP/SiO2 catalysts was reported previously by the Oyama group; 
they attributed the peak shift to increased electron donation from Fe to Ni as the Fe 
content increased.33 Electron donation to from M to Ni atoms increases the electron 
density in the Ni d-orbitals, upon CO adsorption this added electron density is donated to 
the π* anti-bonding orbital of the CO molecule which results in an elongation of the C-O 
bond and a lower absorbance frequency.60 
3.5 X-ray Photoelectron Spectroscopy 
XPS spectra (Figure 3-18) were collected for Ni2-xCoxP nanoparticle samples of 
equivalent compositions to those of the Ni2-xCoxP@mSiO2 catalysts investigated, except 
these samples were not encapsulated with mesoporous silica shells to allow the surface 
compositions to be probed.40,61  
Figure 3-18. XPS 2p regions for Ni, Co and P from un-encapsulated Ni2-xCoxP nanoparticles.40 
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The XPS spectra show a peak at 852.5-852.7 eV in the Ni(2p3/2) region of the spectrum 
that agrees well with that of metallic Ni (Ni0), similarly a peak at 777.8-777.9 eV in the 
Co(2p3/2) spectra indicates the presents of Co0 at the surface.40,61,62 The peak at 129.1-
129.7 eV in the P(2p) region is slightly shifted to lower binding energies than what are 
observed for P0 (129.7-130.3 eV), this indicates electron donation from the Ni and/or Co 
metal atoms to P.40,61 Importantly, incorporation of Co into the catalyst compositions 
induced a small shift in the Ni(2p3/2) peak to lower binding energies from 852.7 to 852.5 
eV, providing additional evidence of electron donation from Co to Ni atoms in the Ni2-
xCoxP catalysts. The observed electron donation from Co to Ni is consistent with Co atoms 
preferentially filling the smaller M(1) sites in the Ni2P-type crystal structure. This 
preference of the larger Co atoms filling the smaller tetrahedral site induces increased 
lattice strain unless there was accompanying contraction in the valence orbitals of the Co 
atoms due to electron transfer to adjacent Ni atoms.62   
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Chapter 4: HDS Properties of Ni2-xMxP Catalysts 
The encapsulated and supported Ni2-xMxP catalysts were tested for HDS activity 
and selectivity using DBT and 4,6-DMDBT as model organosulfur compounds in order to 
correlate the Co (or Fe) content with changes in the catalytic properties.  
4.1 DBT HDS Reactor Studies 
The Ni2-xMxP@mSiO2 catalysts were tested for DBT HDS; the DBT conversions as 
a function of reactor temperature are shown in Figure 4-1.56 
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Figure 4-1. DBT conversions of Ni2-xCoxP@mSiO2 (left) and Ni2-xFexP@mSiO2 (right) 
catalysts over the temperature range of 548-648 K.56 
63 
The Ni2-xCoxP@mSiO2 catalysts had DBT conversions of 5-8% at 548 K and at the 
final temperature of 648 K the DBT conversions had increased to 87-95%. The Ni2-
xFexP@mSiO2 catalysts exhibited lower DBT conversions than the Ni2-xCoxP@mSiO2 
catalysts for all compositions and temperatures investigated. Of the Ni2-xMxP catalyst 
compositions tested for DBT HDS, the Ni1.92Co0.08P@mSiO2 had the highest DBT 
conversions followed by the Ni2.00P@mSiO2 catalyst; incorporation of additional Co (x > 
0.08) into the catalysts resulted in lowered DBT conversions. The effect of Fe content on 
the DBT conversions was more pronounced, as the Ni2-xFexP@mSiO2 catalysts exhibited 
substantially lower DBT conversions compared to the Ni2.00P@mSiO2 catalyst. Table 4-1 
lists the DBT conversions, HDS activities and turnover frequencies (TOFs) for the Ni2-
xMxP@mSiO2 catalysts at 623 K. 
Catalyst 
DBT 
Conversion 
(%) 
DBT HDS 
Activity 
(nmol/g*s-1) 
TOF (s-1) 
Ni2.00P@mSiO2 61 89 0.0052 
Ni1.92Co0.08P@mSiO2 80 117 0.0047 
Ni1.75Co0.25P@mSiO2 59 85 0.0065 
Ni1.50Co0.50P@mSiO2 54 79 0.0088 
Ni1.90Fe0.10P@mSiO2 48 70 0.0058 
Ni1.80Fe0.20P@mSiO2 44 64 0.0080 
Ni1.70Fe0.30P@mSiO2 25 36 0.0090 
Table 4-1. DBT HDS catalytic data for the Ni2-xMxP@mSiO2 catalysts 
at a reactor temperature of 623 K.
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The mass-normalized DBT HDS activities for the Ni2-xMxP@mSiO2 catalysts are highest for 
the low Co and Fe compositions with the Ni1.92Co0.08P@mSiO2 catalyst having the highest 
DBT HDS activity overall. Increases in the M content above x ≈ 0.1 lowered the activity 
relative to the Ni2.00P@mSiO2 catalyst.  
The Ni2-xMxP@mSiO2 catalyst TOFs determined using the CO chemisorption capacities 
are plotted in Figure 4-2.56 
The DBT TOFs for the Ni2-xMxP@mSiO2 catalysts exhibit the opposite trend of the DBT 
activities and increase as a function of increasing Co or Fe content. The highest activity 
catalyst, Ni1.92Co0.08P@mSiO2, has the lowest TOF of the catalyst compositions 
investigated. The increased catalyst TOFs of the high Co and Fe content catalysts are 
0.00 0.10 0.20 0.30
0.0000
0.0020
0.0040
0.0060
0.0080
0.0100
0.0120
Ni2-xCoxP@mSiO2
D
B
T 
H
D
S
 T
ur
no
ve
r F
re
qu
en
cy
 (s
-1
)
Co or Fe Fracion (M/(M + Ni))
Ni2-xFexP@mSiO2
Figure 4-2. DBT TOFs for the Ni2-xMxP@mSiO2 catalysts at a reactor 
temperature of 623 K. 
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intriguing due to these catalysts exhibiting the lowest CO chemisorption capacities of the 
Ni2-xMxP@mSiO2 catalysts. These trends indicate two changes upon increasing the Co or 
Fe content of the Ni2-xMxP@mSiO2 catalysts; first, a decrease in the number of active sites 
present on the catalyst surfaces reduces the mass-normalized HDS activity, and second, 
the exposed adsorption sites become more active upon an increase in the M content. The 
observed increase in TOF for the more M-rich catalysts correlates well with increased 
electron donation to the Ni atoms that was observed in the IR and XPS spectra.    
The DBT HDS reaction network has been previously determined for bulk Ni2P and 
MoS2 and is shown in Figure 1-6.19 The selectivity for the Ni1.92Co0.08P@mSiO2 and 
Ni1.90Fe0.10P@mSiO2 catalysts are shown in Figure 4-3 (Figures A25-29 for the remaining 
compositions) as a function of reactor temperature.56  
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Figure 4-3. DBT product selectivities for the Ni1.92Co0.08P@mSiO2 (right) and the 
Ni1.75Fe0.25P@mSiO2 (left) catalysts. 
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The product selectivities for the Ni2-xMxP@mSiO2 catalysts show a minor dependence on 
reactor temperature for the DDS pathway product, BP, being the major product for all 
catalyst compositions and across all temperatures. As the reactor temperature was 
increased to 648 K, the selectivity for the DDS product (BP) exhibited a slight increase 
from ~76 to ~83% for the Ni1.92Co0.08P@mSiO2 catalyst. The product selectivity is similar 
for the Ni1.70Fe0.30P@mSiO2 catalyst with the BP product being the major product (~85%) 
over all reactor temperatures investigated. No large changes in the product selectivity for 
any of the Ni2-xCoxP@mSiO2 or Ni2-xFexP@mSiO2 catalysts were observed, but there 
were smaller changes for both series of catalysts as a function of reactor temperature. 
The minor products for DBT HDS at lower reactor temperatures was a mixed distribution 
of the HYD products CHB and 4H-DBT, as the reactor temperature were increased the 
selectivity shifted towards CHB and away from 4H-DBT. For the Ni2-xCoxP@mSiO2 
catalysts, CHB was the only other product formed at a reactor temperature of ~600 K, 
while the Ni2-xFexP@mSiO2 catalysts required the higher temperature of ~625 K to 
achieve the same selectivity. 
The DBT product selectivity dependence on the Ni2-xMxP@mSiO2 catalyst 
composition was not observed to be very large as shown in Table 4-2.56 The effect of 
catalyst composition on the DBT product selectivity for the Ni2-xMxP@mSiO2 catalysts was 
slight. For the Ni2-xMxP@mSiO2 catalysts the major product at all compositions was BP, 
which accounts for 80-87% of the product distribution at 623 K. In particular, the Ni2-
xFexP@mSiO2 catalysts exhibited high selectivity towards the BP product. Small shifts in 
67 
the product distribution were observed at high Co and Fe contents towards the partially 
hydrogenated product 4H-DBT, at the expense of the HDS product BP for the Ni 2-
xCoxP@mSiO2 catalysts and CHB for the Ni2-xFexP@mSiO2 catalysts. 
4.2 4,6-DMDBT HDS Reactor Studies 
As discussed in the Introduction, future regulations requiring <10 ppm sulfur in 
gasoline and diesel fuels will necessitate the improved removal of sulfur from the more 
sterically demanding organosulfur molecules such as 4,6-DMDBT. For this reason, the HDS 
properties of the encapsulated and supported Ni2-xCoxP catalysts towards 4,6-DMDBT 
were investigated. Also of interest was the effect of the metal composition on the 4,6-
DMDBT product selectivity.  
Catalyst 4H-DBT BCH CHB BP 
Ni2.0P 1.6 0.7 17.3 80.5 
Ni1.92Co0.08P@mSiO2 1.7 0.9 16.6 80.8 
Ni1.75Co0.25P@mSiO2 1.4 0.8 17.6 80.2 
Ni1.50Co0.50P@mSiO2 2.4 0.7 17.2 79.7 
Ni1.90Fe0.10P@mSiO2 1.4 0.1 13.4 85.1 
Ni1.80Fe0.20P@mSiO2 1.5 0.1 12.4 86.0 
Ni1.70Fe0.30P@mSiO2 3.8 0.0 9.5 86.8 
Table 4-2. DBT product selectivities for the Ni2-xMxP@mSiO2 catalysts at 623 K. 
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The 4,6-DMDBT conversions for the Ni2-xCoxP@mSiO2 and selected Ni2-xCoxP/SiO2 
catalysts are shown in Figure 4-4.  
The 4,6-DMDBT conversions increased for both the encapsulated and supported Ni2-xCoxP 
catalysts as the reactor temperature was increased from 573 to 673 K. For the Ni2-
xCoxP/SiO2 series of catalysts, the x = 0.08 composition exhibited the greatest 4,6-DMDBT 
conversion at lower reactor temperatures (T < 613 K), while at increased reactor 
temperatures (T > 633 K) the Ni2P/SiO2 catalyst equaled or exceeded the 4,6-DMDBT 
conversion of the low Co content catalyst. At the highest reactor temperature 
investigated (648 K), the Ni2-xCoxP/SiO2 catalysts had 4,6-DMDBT conversions in the range 
45-85%, with increases in Co content reducing the conversion achieved. 
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Figure 4-4. 4,6-DMDBT conversions over the encapsulated and supported Ni2-
xCoxP catalysts. 
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The effect of catalyst composition on the 4,6-DMDBT conversions for the 
encapsulated and supported Ni2-xCoxP catalysts at 613 K is plotted in Figure 4-5. 
The Ni2-xCoxP@mSiO2 catalysts exhibited significantly lower 4,6-DMDBT conversions 
compared to the Ni2-xCoxP/SiO2 catalysts. The highest 4,6-DMDBT conversions were 
observed for the Ni2.00P@mSiO2 catalyst at the reactor temperatures investigated, while 
the Ni1.92Co0.08P@mSiO2 catalyst exhibited a similar trend with temperature as the 
Ni2.0P@mSiO2 catalyst but the conversions were ~5% lower for all reactor temperatures. 
The x = 0.25 catalyst composition displayed unexpectedly low conversion for the reactor 
temperatures studied and the trend of conversion with reactor temperature was not 
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Figure 4-5. 4,6-DMDBT conversion at 613 K for the encapsulated and 
supported Ni2-xCoxP catalysts. 
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comparable with the remaining Ni2-xCoxP@mSiO2 catalysts or the supported Ni2-
xCoxP/SiO2 catalysts.  
The incorporation of Co into the crystal structure of the encapsulated and 
supported Ni2-xCoxP catalysts beyond the x ≈ 0.1 composition resulted in a decrease in the 
4,6-DMDBT conversion capacity of the catalysts. Table 4-3 lists the 4,6-DMDBT 
conversions, activities and TOFs for the encapsulated and supported Ni2-xCoxP catalysts. 
 
The 4,6-DMDBT HDS activities follow a trend similar to that of conversion, where the 
Ni2.0P or Ni1.92Co0.08P compositions exhibit the highest activity of the series for the 
encapsulated and supported catalysts, respectively. 
Catalyst 4,6-DMDBT Conversion (%) 
4,6-DMDBT HDS 
Activity (nmol/g*s-1) TOF (s
-1) 
Ni2.0P@mSiO2 18.1 6.92 6.0 x 10-4 
Ni1.92Co0.08P@mSiO2 12.8 4.40 2.9 x 10-4 
Ni1.75Co0.25P@mSiO2 3.3 0.60 7.5 x 10-5 
Ni1.50Co0.50P@mSiO2 4.1 0.93 4.5 x 10-4 
Ni2.0P/SiO2 53.7 31.2 7.4 x 10-4 
Ni1.92Co0.08P/SiO2 63.8 38.2 8.2 x 10-4 
Ni1.75Co0.25P/SiO2 32.1 16.1 4.1 x 10-4 
Ni1.50Co0.50P/SiO2 22.6 10.2 4.0 x 10-4 
Ni1.25Co0.75P/SiO2 24.6 11.4 8.2 x 10-4 
Ni1.00Co1.00P/SiO2 11.8 5.3 3.5 x 10-4 
Ni0.75Co1.25P/SiO2 8.0 2.2 1.4 x 10-4 
Table 4-3. 4,6-DMDBT catalytic data for the Ni2-xCoxP@mSiO2 and Ni2-xCoxP/SiO2 
catalysts at 613 K. 
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The TOFs for 4,6-DMDBT HDS over the Ni2-xCoxP catalysts exhibited decreasing trends with 
the low Co content catalysts (x < 0.1) in general having higher TOFs then the more Co-rich 
catalysts, as shown in Figure 4-6. 
If the TOFs for the Ni1.75Co0.25P@mSiO2 and Ni1.25Co0.75P/SiO2 catalysts are disregarded, 
the observed trend is much clearer as the TOFs decrease with increased Co content. This 
agrees with literature reports that have shown with a series of Ni2-xCoxP/SiO2 catalysts 
that the TOF for thiophene HDS is highly dependent on the catalyst composition with high 
Co content catalysts exhibiting the lowest thiophene HDS TOFs.26 The highest thiophene 
HDS TOFs were observed with Ni2-xCoxP/SiO2 catalysts with x = 0.08, at higher and lower 
Co contents the TOFs decreased.  
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Figure 4-6. 4,6-DMDBT TOFs at 613 K for the encapsulated and supported 
Ni2-xCoxP catalysts. 
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The 4,6-DMDBT reaction network over conventional Ni-Mo/Al2O3 and bulk Ni2P 
catalysts has been investigated extensively by the Prins research group, and is shown in 
Figure 4-7.15,63  
The 4,6-DMDBT HDS product selectivities for the supported and encapsulated 
Ni1.92Co0.08P catalysts are shown in Figure 4-8. 
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Figure 4-7. 4,6-DMDBT HDS reaction network.15,63 
Figure 4-8. 4,6-DMDBT product selectivity for the Ni1.92Co0.08P supported (left) and 
encapsulated (right) catalyst. 
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DMCHB was the major product for the Ni1.92Co0.08P/SiO2 catalyst with 60-65% selectivity 
at the temperatures investigated. The selectivity for minor products is dependent on the 
reactor temperature; at lower temperatures (573-593 K) 4H-DMDBTand DMBCH account 
for ~22 and ~13% of products, respectively. At elevated temperatures the 4H-DMDBT 
selectivity decreases while the DMBP selectivity increases; by the highest reactor 
temperatures of 653-673 K, DMBP comprises ~20-30% of the products. The product 
selectivity for the Ni1.92Co0.08P@mSiO2 catalyst, exhibited similar trends to that of the 
Ni1.92Co0.08P/SiO2 catalyst except the relative quantities of the products was shifted. The 
major product for the Ni1.92Co0.08P@mSiO2 catalyst at lower reactor temperatures (573-
613 K) was the partially hydrogenated 4H-DMDBT product with ~50-70% selectivity. Over 
the same temperature range, the HYD pathway product was DMCHB with selectivities of 
20-38%. It was not until the reactor temperature was raised to 633 K that the selectivity 
for the DDS pathway product DMBP becomes appreciable at ~15%. The increased 
selectivity for BP at higher reactor temperatures indicates that there is a larger energy 
barrier for the DDS pathway compared to HYD. 
The 4,6-DMDBT product selectivities at 613 K over the supported and 
encapsulated Ni2-xCoxP catalysts as a function of Co content are shown in Figure 4-9. 
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The main effect of Co content on the product selectivities of the Ni2-xCoxP/SiO2 catalysts 
was for two of the HYD products: DMCHB and 4H-DMDBT. For the low Co content 
catalysts, the selectivity favors the formation of the DMCHB product at ~65%; as the Co 
percentage is increased there is near linear decrease in the selectivity of DMCHB and a 
corresponding increase in the selectivity towards 4H-DMDBT. The selectivities for DMBCH 
and DMBP are relatively stable across all catalyst compositions. The incorporation of Co 
into the Ni2-xCoxP/SiO2 catalysts inhibits the C-S hydrogenolysis reaction step whereby the 
C-S bonds in 4H-DMDBT are cleaved to give DMCHB. The trend in the product selectivities 
for the available Ni2-xCoxP@mSiO2 catalysts is significantly different than the Ni2-
xCoxP/SiO2 catalysts and the  remains fairly constant over the entire composition range. 
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Figure 4-9. 4,6-DMDBT product selectivity vs. Co content for the supported (left) 
and encapsulated (right) Ni2-xCoxP catalysts at 613 K. 
75 
The major products are 4H-DMDBT and DMCHB with each ~40-45% of the product 
selectivity, the minor product DMBP remains near 10%.   
4.3 Dependence of HDS Pathway TOFs on Ni2-xMxP Composition 
The effects of Co and Fe on the TOFs for the DDS and HYD reaction pathways for 
HDS of DBT and 4,6-DMDBT over the Ni2-xMxP catalysts are highlighted in Figure 4-10. 
The composition of the Ni2-xMxP@mSiO2 catalysts exhibited a strong influence on the 
TOFs the DDS and HYD pathways of DBT HDS. For both the Co and Fe containing 
core@shell catalysts, the M content had a significant impact by increasing the DDS 
pathway TOFs from ~2 x 10-3 to ~3.5 x 10-3. Conversely, the HYD TOFs remained relatively 
stable as the M content was increased. Interestingly, the TOFs for the DDS and HYD 
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Figure 4-10. DDS and HYD TOFs vs. M fraction for DBT (left) and 4,6-DMDBT (right) HDS, 
the lines are guides to the eye. 
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pathways of 4,6-DMDBT HDS demonstrated significantly different trends with Co content 
for the supported and encapsulated Ni2-xCoxP catalysts than was observed for DBT HDS. 
The DDS and HYD TOFs decreased as the Co content was increased. For the DDS pathway 
TOFs the decrease was relatively slight (~7 x 10-5 to ~2 x 10-5), while the HYD pathway 
TOFs exhibited a severe decrease (~4 x 10-4 to 5 x 10-5) with increasing Co content. For the 
DDS pathway of DBT, the additional electron density at the active site has a promoting 
effect, while for 4,6-DMDBT increasing Co content is observed to have an inhibitory effect. 
These opposing trends for the DDS and HYD TOFs as the M content is increased strongly 
suggest that the HDS of DBT and 4,6-DMDBT occurs on different types of active sites.  
4.3 Characterization of HDS-tested Ni2-xMxP Catalysts 
The HDS-tested catalysts were examined via carbon and sulfur analysis to 
determine the extent of C and S incorporation under reactor conditions (Table 4-4). 
The extent of M substitution had a minor effect on the degree of sulfur and carbon 
incorporation into the catalyst samples during HDS testing as the amounts remained 
Catalyst S/M C/M 
Ni2.0P@mSiO2 0.029 0.74 
Ni1.92Co0.08P@mSiO2 0.024 0.50 
Ni1.75Co0.25P@mSiO2 0.032 0.68 
Ni1.50Co0.50P@mSiO2 0.029 0.97 
Ni1.90Fe0.10P@mSiO2 0.004 1.67 
Ni1.80Fe0.20P@mSiO2 - - 
Ni1.70Fe0.30P@mSiO2 0.004 2.22 
Table 4-4. Sulfur and carbon uptake by the Ni2-xMxP@mSiO2 catalysts 
from DBT HDS.56 
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relatively constant for all of the Ni2-xMxP@mSiO2 catalysts. The S/M molar ratios in the 
range 0.024-0.032 show that very little sulfur was incorporated the Ni2-xCoxP 
nanoparticles (or the mesoporous shells). The sulfur resistance of Ni and Co phosphides 
has been observed before and a comparison to the S/M ratios of bulk sulfide phases 
expected in HDS conditions - Ni3S2 and Co9S8 (0.67 and 0.89, respectively) - confirms that 
the supported and encapsulated Ni2-xCoxP catalysts are remarkably S resistant.35,64,65 The 
carbon/metal molar ratios were 2-3 times higher for the Ni2-xCoxP@mSiO2 catalysts than 
were the sulfur/metal ratios, but with a range of C/M values of 0.50-0.97, the degree of 
carbon deposition on the surfaces of the catalysts was still low.56 The Ni2-xFexP@mSiO2 
catalysts showed lower levels of sulfur incorporation compared to the Co catalysts, while 
the degree of carbon deposition for these catalysts was twice that observed for the Co 
catalysts. Carbon deposition on the Ni2-xFexP@mSiO2 catalysts during DBT HDS may be a 
contributing factor in the overall lower conversions observed with these catalysts; 
however, some of this carbon may have been incorporated during the synthesis of the 
encapsulated nanoparticle catalysts. The high C content of the Ni2-xFexP@mSiO2 catalysts 
likely explains the lower HDS activities of those catalysts relative to Ni2-xCoxP@mSiO2 due 
to site blockage by carbon. 
 Sulfur analysis after HDS testing with 4,6-DMDBT showed very similar results to 
those obtained with DBT for the Ni2-xCoxP@mSiO2 catalysts (Table 4-5).  
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A slight overall decrease was observed in the quantity of sulfur that was incorporated into 
these Ni2-xCoxP catalysts, which is consistent with the lower sulfur level of the feed for 
4,6-DMDBT  (1000 ppm) measurements than for the DBT HDS (3000 ppm) measurements. 
The carbon analysis, however, showed a more significant difference with the two Co-rich 
samples retaining 2 to 5 times as much carbon as was retained during the DBT 
experiments, with the Ni1.50Co0.50P composition having the most carbon deposited. In 
comparison, the Ni2-xCoxP/SiO2 catalysts (0 ≤ x ≤ 0.50) exhibited sulfur incorporations (S/M 
= 0.013) that were approximately one-half the value of the encapsulated catalysts (S/M = 
0.039). Similarly, the quantity of carbon deposited onto the supported Ni2-xCoxP catalysts 
during the HDS of 4,6-DMDBT was far lower (2-3 times) than for the Ni2-xCoxP@mSiO2 HDS 
tested catalysts. No dependence on Co content was observed for the amount of carbon 
deposited for the higher Co content Ni2-xCoxP catalysts. 
Catalyst S/M C/M 
0.006 0.68 
0.004 0.61 
0.045 1.53 
0.022 5.42 
0.018 0.21 
0.025 0.33 
0.003 0.51 
0.005 0.23 
Table 4-5. Sulfur and carbon content of the 4,6-DMDBT HDS-tested 
encapsulated and supported Ni2-xCoxP catalysts. 
Ni2.00P@mSiO2
Ni1.92Co0.08P@mSiO2
Ni1.75Co0.25P@mSiO2
Ni1.50Co0.50P@mSiO2
Ni2.0P/SiO2
Ni1.92Co0.08P/SiO2
Ni1.75Co0.25/SiO2
Ni1.50Co0.50P/SiO2 
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X-ray diffraction patterns were collected after HDS testing; Figure 4-11 shows the 
XRD patterns before and after 4,6-DMDBT HDS testing for the Ni1.50Co0.50P@mSiO2 and 
Ni0.75Co1.25P/SiO2 catalysts (Figures A27-A42 for the remaining compositions). Analysis of 
the post-HDS XRD patterns allowed the determination of the degree of sintering of the 
catalyst particles and changes of phase purity during HDS testing. Average crystallite sizes 
determined via the Scherrer equation for the post-HDS Ni2-xCoxP@mSiO2 and Ni2-
xCoxP/SiO2 catalysts are listed in Table 4-6. 
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Figure 4-11. Ni1.50Co0.50P@mSiO2 (right) and Ni0.75Co1.25P/SiO2 (left) post 4,6-DMDBT 
HDS testing. 
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The XRD patterns for the Ni2-xMxP@mSiO2 catalysts after DBT HDS testing showed 
that minimal sintering of the catalysts particles occurred under the reactor conditions 
(548-673 K and 3.0 MPa), and that the catalysts retained the Ni2P structure type 
exclusively. The XRD patterns collected after HDS testing with 4,6-DMDBT had low signal-
to-noise ratios for three of the catalysts, so the determination of the crystallite sizes and 
post-HDS phase purity was difficult. However, for the patterns with discernable peaks, it 
was determined that the encapsulated Ni2-xCoxP nanoparticles remained phase pure, with 
the possible exception of the Ni1.75Co0.25P@mSiO2 catalyst. For the Ni2-xCoxP/SiO2 
catalysts, particle sintering was minimal with the average crystallite size increasing by ~2 
Catalyst Pre-HDS Post-DBT Post-4,6-DMDBT 
Ni2.0P@mSiO2 12 ~5 >5 
Ni1.92Co0.08P@mSiO2 13 13 >5 
Ni1.75Co0.25P@mSiO2 11 13 >5 
Ni1.50Co0.50P@mSiO2 13 13 11 
Ni1.90Fe0.10P@mSiO2 12 11 - 
Ni1.80Fe20P@mSiO2 12 9 - 
Ni1.70Fe0.30P@mSiO2 12 31 - 
Ni2.0P/SiO2 10 - 11 
Ni1.92Co0.08P/SiO2 12 - 12 
Ni1.75Co0.25P/SiO2 11 - 13 
Ni1.50Co0.50P/SiO2 13 - 13 
Ni1.25Co0.75P/SiO2 14 - 16 
Ni1.00Co1.00P/SiO2 16 - 16 
Ni0.75Co1.25P/SiO2 18 - 21 
Table 4-6. Average crystallite sizes of the post-HDS encapsulated and 
supported Ni2-xCoxP catalysts. 
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nm. The post-HDS XRD patterns for the supported Ni2-xCoxP catalysts were also found to 
exhibit the Ni2P structure type exclusively, except for the Ni0.75Co1.25P composition which 
had a CoP phase impurity before HDS testing, which was also observed after HDS testing. 
Overall, the encapsulated and supported Ni2-xMxP catalysts exhibited remarkable stability 
in the severe reaction conditions used for DBT and 4,6-DMDBT testing. 
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Chapter 5: Conclusion 
The goal of this research was to show that a series of well defined, mesoporous 
silica-encapsulated Ni2-xMxP catalysts (M = Co, Fe) can serve as effective model materials 
for a comparable series of supported Ni2-xMxP catalysts prepared by incipient wetness and 
TPR. The Ni2-xMxP@mSiO2 model catalysts were then utilized to explore the effects of 
secondary metal substitution into the Ni2P structure on HDS properties.  
The wide dispersity of particle sizes and particle morphologies of metal phosphide 
catalysts prepared by the TPR method makes it challenging to attribute differences in 
catalytic activity or selectivity to compositional differences. In an effort to probe the 
effects of catalyst composition on the HDS properties of Ni2-xMxP catalysts, a series of 
compositionally comparable mesoporous silica-shell encapsulated core@shell 
nanoparticles were extensively investigated. These Ni2-xMxP@mSiO2 catalysts exhibited a 
much narrower particle size distribution of 11-13 nm when compared to the TPR 
synthesized Ni2-xCoxP/SiO2 catalysts (10-19 nm). Additionally, TEM micrographs and EDX 
measurements showed that the Ni2-xMxP@mSiO2 catalysts were not only exclusively 
spherical in shape, but that the core@shell catalyst compositions were significantly closer 
to the targeted compositions than for the supported Ni2-xCoxP catalyst analogs. 
   The bulk and surface properties probed by XRD and IR spectroscopy of the 
supported and encapsulated Ni2-xCoxP catalysts were observed to be nearly identical over 
a range of Co contents (0 ≤ x ≤ 0.50); this validates the use of the core@shell catalysts as 
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a model system for probing HDS properties. The low Co content Ni2-xCoxP catalysts (x ≈ 
0.08) were observed to have higher CO chemisorption capacities, indicating an increase 
in the active site densities, likely resulting from structural changes upon Co incorporation 
as determined from Rietveld refinement. Additionally, IR spectra of adsorbed CO showed 
a  shift to lower frequencies as the M content was increased, indicating electron donation 
from the secondary M atoms to Ni. 
The encapsulated and supported Ni2-xMxP catalysts exhibited HDS catalytic 
properties that were dependent on the metal composition; the highest DBT and 4,6-
DMDBT activities were observed for Ni2-xMxP catalysts with secondary M contents of x ≤ 
0.08. The increased HDS activity has been attributed to an increase in the number of 
active sites present on the surface of low M content Ni2-xMxP catalysts. The HDS product 
selectivities were opposite for DBT and 4,6-DMDBT with the DDS product, BP, the major 
product for DBT HDS and the HYD product, DMCHB, the major product for 4,6-DMDBT 
HDS. The different effects of Co incorporation on the DDS and HYD TOFs for the two 
organosulfur molecules suggests that HDS occurs at different active sites for DBT and 4,6-
DMDBT. If DBT and 4,6-DMDBT HDS occurred at identical active sites it would be expected 
that Co incorporation would affect the TOFs in the same manner. The existence of a 
different active site for 4,6-DMDBT HDS is conceivable given the increased steric 
hindrance associated with the two methyl groups on carbon atoms adjacent to sulfur, 
which are not present in DBT.  
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Figure A-3. Rietveld fit of Ni1.75Co0.25P@mSiO2. 
Figure A-2. Rietveld fit of Ni2.00P@mSiO2. 
Figure A-4. Rietveld fit of Ni1.50Co0.50P@mSiO2. 
Figure A-1. XRD patterns for Ni2-xCoxP/SiO2 
catalysts where 1.2 < x < 2.0. 
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Figure A-8. Rietveld fit of Ni2.0P/SiO2. 
Figure A-5. Rietveld fit of Ni1.90Fe0.10P@mSiO2. Figure A-6. Rietveld fit of Ni1.80Fe0.20P@mSiO2. 
Figure A-7. Rietveld fit of Ni1.70Fe0.30P@mSiO2. 
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Figure A-9. Rietveld fit of Ni1.92Co0.08P/SiO2. Figure A-10. Rietveld fit of Ni1.75Co0.25P/SiO2. 
Figure A-11. Rietveld fit of Ni1.50Co0.50P/SiO2. Figure A-12. Rietveld fit of Ni1.25Co0.75P/SiO2. 
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Figure A-13. Rietveld fit of Ni1.00Co1.00P/SiO2. Figure A-14. Rietveld fit of Ni0.75Co1.25P/SiO2. 
Figure A-15. Rietveld fit of Ni0.50Co1.50P/SiO2. Figure A-16. Rietveld fit of Ni0.25Co1.75P/SiO2. 
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Figure A-17. Rietveld fit of Co2.00P/SiO2. 
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Figure A-18. IR spectra of adsorbed CO for the 
Ni2.0P@mSiO2 catalyst after reductions in H2.  
Figure A-19. IR spectra of adsorbed CO for the 
Ni1.92Co0.08P@mSiO2 catalyst after reductions in H2. 
 
Figure A-20. IR spectra of adsorbed CO for the 
Ni1.50Co0.50P@mSiO2 catalyst after reductions in H2. 
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Figure A-21. IR spectra of adsorbed CO for 
the Ni2.0P/SiO2 catalyst after reductions in H2. 
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Figure A-22. IR spectra of adsorbed CO for the 
Ni1.92Co0.08P/SiO2 catalyst after reductions in H2. 
Figure A-23. IR spectra of adsorbed CO for the 
Ni1.50Co0.50P/SiO2 catalyst after reductions in H2. 
Figure A-24. IR spectra of adsorbed CO for the 
Ni1.25Co0.75P/SiO2 catalyst after reductions in H2. 
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Figure A-28. Ni1.92Co0.08P@mSiO2 before and 
after DBT HDS testing. 
 
Figure A-27. Ni2.00P@mSiO2 before and 
after DBT HDS testing. 
 
Figure A-25. IR spectra of adsorbed CO for the 
Ni1.00Co1.00P/SiO2 catalyst after reductions in H2. 
 
Figure A-26. IR spectra of adsorbed CO for the 
Ni2-xCoxP/SiO2 catalysts after reduction at 700 K. 
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Figure A-29. Ni1.75Co0.25P@mSiO2 before 
and after DBT HDS testing. 
 
Figure A-30. Ni1.50Co0.50P@mSiO2 before 
and after DBT HDS testing. 
 
Figure A-31. Ni1.90Fe0.10P@mSiO2 before 
and after DBT HDS testing. 
 
Figure A-32. Ni1.80Fe0.20P@mSiO2 before 
and after DBT HDS testing. 
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Figure A-34. Ni2.0P@mSiO2 post 4,6-DMDBT 
HDS testing. 
Figure A-35. Ni1.92Co0.08P@mSiO2 post 4,6-DMDBT 
HDS testing. 
Figure A-36. Ni1.75Co0.25P@mSiO2 post 4,6-DMDBT 
HDS testing. 
 
Figure A-33. Ni1.70Fe0.30P@mSiO2 before 
and after DBT HDS testing. 
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Figure A-37. Ni2.0P/SiO2 post 4,6-DMDBT 
HDS testing. 
 
Figure A-38. Ni1.92Co0.08P/SiO2 post 4,6-DMDBT 
HDS testing. 
 
Figure A-39. Ni1.75Co0.25P/SiO2 post 4,6-DMDBT 
HDS testing. 
 
Figure A-40. Ni1.50Co0.50P/SiO2 post 4,6-DMDBT 
HDS testing. 
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Figure A-41. Ni1.25Co0.75P/SiO2 post 4,6-DMDBT 
HDS testing. 
Figure A-42. Ni1.00Co1.00P/SiO2 post 4,6-DMDBT 
HDS testing. 
 
